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Effect of Hydration on Gluten-Free Breads Made with Hydroxypropyl Methylcellulose in
Comparison with Psyllium and Xanthan Gum
Reprinted from: Foods 2020, 9, 1548, doi:10.3390/foods9111548 . . . . . . . . . . . . . . . . . . . . 57

Mike Sissons, Francesco Sestili, Ermelinda Botticella, Stefania Masci and Domenico

Lafiandra

Can Manipulation of Durum Wheat Amylose Content Reduce the Glycaemic Index of
Spaghetti?
Reprinted from: Foods 2020, 9, 693, doi:10.3390/foods9060693 . . . . . . . . . . . . . . . . . . . . . 67

Gabriella Pasini, Giovanna Visioli and Francesco Morari

Is Site-Specific Pasta a Prospective Asset for a Short Supply Chain?
Reprinted from: Foods 2020, 9, 477, doi:10.3390/foods9040477 . . . . . . . . . . . . . . . . . . . . . 87

Claudia Arribas, Blanca Cabellos, Carmen Cuadrado, Eva Guillamón and Mercedes M.

Pedrosa

Cooking Effect on the Bioactive Compounds, Texture, and Color Properties of Cold-Extruded
Rice/Bean-Based Pasta Supplemented with Whole Carob Fruit
Reprinted from: Foods 2020, 9, 415, doi:10.3390/foods9040415 . . . . . . . . . . . . . . . . . . . . . 99

v



Roberta Tolve, Gabriella Pasini, Fabiola Vignale, Fabio Favati and Barbara Simonato

Effect of Grape Pomace Addition on the Technological, Sensory, and Nutritional Properties of
Durum Wheat Pasta
Reprinted from: Foods 2020, 9, 354, doi:10.3390/foods9030354 . . . . . . . . . . . . . . . . . . . . . 117

vi



foods

Editorial

Improving the Sensory, Nutritional and Technological Profile of
Conventional and Gluten-Free Pasta and Bakery Products

Barbara Simonato

��������	
�������

Citation: Simonato, B. Improving the

Sensory, Nutritional and

Technological Profile of Conventional

and Gluten-Free Pasta and Bakery

Products. Foods 2021, 10, 975.

https://doi.org/10.3390/foods

10050975

Received: 25 April 2021

Accepted: 26 April 2021

Published: 29 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Biotechnology, University of Verona, Strada Le Grazie 15, 37134 Verona, Italy;
barbara.simonato@univr.it

There is currently a growing consumer interest in healthy food. Cereal-based products
such as pasta and baked goods represent staple foods for human nutrition. Due to their
worldwide diffusion, these products can be carriers of nutrients and bioactive compounds;
therefore, they lend themselves very well to the fortification process. Furthermore, among
new formulations of cereal-based food, gluten-free products have become popular even
among people without celiac disease, who have chosen a gluten-free lifestyle. The improve-
ment of well-being, sustainable lifestyles, and waste control are also aims of the United
Nations for the Agenda 2030 (UN 2015), which has motivated food scientists and industrial
producers to research new and healthier formulations for pasta and baked goods prepara-
tion. In this context, researchers are also encouraged to use agro-industrial by-products
of high added value for food fortification. In this frame, the Special Issue “Improving the
Sensory, Nutritional and Technological Profile of Conventional and Gluten-Free Pasta and
Bakery Products” collected nine original articles focused on new product formulations
of gluten-free pasta or baked products formulation, as well as agro-industrial by-product
utilization. The final aim was the preparation of valuable products from a nutritional,
technological, and sensory standpoint.

Cappa et al. [1] studied the effects of red rice or buckwheat flour inclusion in potato-
based pasta (gnocchi) concerning the nutritional, technological, and sensory characteristics
of the final product. The researchers concluded that gnocchi fortified with buckwheat
flour showed better texturizing characteristics and could benefit from the claim “source of
fibre”. Nevertheless, wholemeal buckwheat is responsible, due to its particle sizing, for
a negative response from a sensory point of view, thus reducing the acceptability of the
fortified gnocchi.

As part of the production of healthy foods, Krupa-Kozak et al. [2] produced a gluten-
free sponge cake by replacing sucrose with fructans of different degrees of polymerization,
to observe its technological and sensory characteristics. The authors demonstrated that
sucrose is not necessary to obtain a gluten-free sponge cake with favorable technological
and sensory features, as the one prepared with fructooligosaccharide achieved the highest
score for overall quality acceptance at sensory analyses.

Belorio et al. [3] investigated the utilization of hydrocolloids as a possible approach
to optimize the hydration level of gluten-free bread. The authors, evaluating the effect of
different hydrocolloids on gluten-free bread’s textural aspects, concluded that a thorough
investigation of the use of hydrocolloids and starch source mixtures would be required to
optimize the gluten-free bread texture.

Arribas et al. [4] studied the effect of cooking on the bioactive compounds content,
texture, and color properties of rice/bean-based pasta fortified with carob. The authors’
findings revealed that, also after cooking, the fortified pasta maintained its healthy char-
acteristics thanks to the high amount of the detected bioactive compounds. Moreover,
this gluten-free pasta did not show the antinutritional factors of bean flour and presented
appreciable textural parameters.

Within the framework of gluten-free products, Yu et al. [5] highlighted the importance
of gluten detection methods. Currently, several enzyme-linked immunosorbent assay
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(ELISA) tests are used to detect the trace of gluten, and in their research, the authors
observed that three different ELISA test kits often returned values below the detection
limits. The authors underlined the importance of developing an accurate analysis method
for the detection of gluten traces.

Regarding the fortification process, Tolve et al. [6] enriched pasta with two different
levels of grape pomace, an agro-industrial by-product rich in fiber and phenols. The re-
searchers observed an improvement in pasta’s nutritional properties and a reduction of
the predicted glycemic index. Grape pomace inclusion instigated changes in the cooking
and textural properties of pasta. The final product had good overall acceptability from
a sensorial point of view. Furthermore, the bread’s fortification with two different levels
of grape pomace (Tolve et al., 2021) [7] provoked modifications in the rheological proper-
ties of the doughs and textural characteristics of the bread samples. The grape pomace
inclusion gave rise to the more tenacious and less extensible dough and bread with lower
volume. Nevertheless, bread fortification improved the nutritional properties, increasing
the total phenol content and the antioxidant capability. The bread samples showed good
overall acceptability.

The findings reported in the last two articles suggest that grape pomace represents
an interesting ingredient for pasta and baked food fortification, due to the high content in
phenols and dietary fiber.

Sissons et al. [8] investigated the amylose content, which is positively correlated
with resistant starch, to lower the glycemic index of pasta produced by durum wheat
(cv Svevo) by silencing the key genes involved in starch biosynthesis. The results showed
that pasta obtained from durum wheat mutants had overall quality acceptability and the
starch-branching enzyme IIa’s mutation provided a better glycemic response.

Pasini et al. [9] evaluated the technological properties of pasta production with
semolina from cv Biensur, produced in zones with different fertility and treated with
various rates of N, in comparison with commercial semolina (cv Aureo). The results ob-
tained in this research demonstrated that the technological properties of Biensur semolina
correlated to the low fertility zones treated with a high quantity of N. The derived pasta had
characteristics similar to the ones obtained by semolina in cv Aureo. The higher amounts of
gluten proteins, and the higher glutenin/gliadin ratio in semolina, represent good indexes
of technological quality.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Sponge Cakes without Sucrose: Inulin-Type Fructans as Sugar Alternatives. Foods 2020, 9, 1735. [CrossRef] [PubMed]

3. Belorio, M.; Gómez, M. Effect of Hydration on Gluten-Free Breads Made with Hydroxypropyl Methylcellulose in Comparison
with Psyllium and Xanthan Gum. Foods 2020, 9, 1584. [CrossRef] [PubMed]

4. Arribas, C.; Cabellos, B.; Cuadrado, C.; Guillamón, E.; Pedrosa, M.M. Cooking Effect on the Bioactive Compounds, Texture, and
Color Properties of Cold-Extruded Rice/Bean-Based Pasta Supplemented with Whole Carob Fruit. Foods 2020, 9, 415. [CrossRef]

5. Yu, J.M.; Lee, J.H.; Park, J.; Choi, Y.; Sung, J.; Jang, H.W. Analyzing Gluten Content in Various Food Products Using Different
Types of ELISA Test Kits. Foods 2021, 10, 108. [CrossRef] [PubMed]

6. Tolve, R.; Pasini, G.; Vignale, F.; Favati, F.; Simonato, B. Effect of Grape Pomace Addition on the Technological, Sensory, and
Nutritional Properties of Durum Wheat Pasta. Foods 2020, 9, 354. [CrossRef] [PubMed]

7. Tolve, R.; Simonato, B.; Rainero, G.; Bianchi, F.; Rizzi, C.; Cervini, M.; Giuberti, G. Wheat Bread Fortification by Grape Pomace
Powder: Nutritional, Technological, Antioxidant, and Sensory Properties. Foods 2021, 10, 75. [CrossRef] [PubMed]

8. Sissons, M.; Sestili, F.; Botticella, E.; Mascia, S.; Lafiandra, D. Can Manipulation of Durum Wheat Amylose Content Reduce the
Glycaemic Index of Spaghetti? Foods 2020, 9, 693. [CrossRef] [PubMed]

9. Pasini, G.; Visioli, G.; Morari, F. Is Site-Specific Pasta a Prospective Asset for a Short Supply Chain? Foods 2020, 9, 477. [CrossRef]
[PubMed]

2



foods

Article

Analyzing Gluten Content in Various Food Products Using
Different Types of ELISA Test Kits

Ja Myung Yu, Jae Hoon Lee, Jong-Dae Park, Yun-Sang Choi , Jung-Min Sung and Hae Won Jang *

��������	
�������

Citation: Yu, J.M.; Lee, J.H.; Park,

J.-D.; Choi, Y.-S.; Sung, J.-M.; Jang,

H.W. Analyzing Gluten Content in

Various Food Products Using

Different Types of ELISA Test Kits.

Foods 2021, 10, 108. https://doi.org/

10.3390/foods10010108

Received: 18 November 2020

Accepted: 26 December 2020

Published: 6 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Korea Food Research Institute, 245 Nongsaengmyeong-ro, Iseo-myeon, Wanju-gun, Jeollabuk-do 55365, Korea;
j.m.yu@kfri.re.kr (J.M.Y.); Leejaehoon@kfri.re.kr (J.H.L.); jdpark@kfri.re.kr (J.-D.P.); kcys0517@kfri.re.kr (Y.-S.C.);
jmsung@kfri.re.kr (J.-M.S.)
* Correspondence: hwjkfri@kfri.re.kr; Tel.: +82-63-219-9377; Fax: +82-63-219-9876

Abstract: Gluten is an insoluble protein produced when glutelins and prolamins, which are found in
grains such as wheat, barley, and oats, combine to form an elastic thin film. This dietary gluten can
cause severe contraction of the intestinal mucous membrane in some people, preventing nutrient
absorption. This condition, called celiac disease (CD), affects approximately 1% of the world’s
population. The only current treatment for patients with CD and similar diseases is lifelong avoidance
of gluten. To analyze the gluten content in food, various enzyme-linked immunosorbent assay (ELISA)
tests are currently used. In this study, the gluten content in various food products was analyzed
using different kinds of ELISA test kits. For gluten-free food, three different ELISA test kits mostly
yielded values below the limit of detection. However, gluten was detected at 24.0–40.2 g/kg in
bread, 6.5–72.6 g/kg in noodles, and 23.0–86.9 g/kg in different powder food samples. A significant
difference (p < 0.05) in gluten content was observed for these gluten-containing food products.
Reproducibility issues suggest that it is necessary to use several ELISA kits for the accurate detection
and quantification of gluten in various food products rather than using one ELISA kit.

Keywords: gluten-free; gluten analysis; ELISA; sandwich method; R5 antibody; G12 antibody;
celiac disease

1. Introduction

Gluten is a storage protein found in barley, rye, wheat, and their hybrids [1]. The
solubility of gluten differs depending on the degree of aggregation. The monomeric
protein dissolves in alcohol, and the polymeric forms dissolve in alcoholic solutions under
conditions of reduced aggregation [2]. According to its chemical composition or solubility,
gluten can be divided into acid-/alkali-soluble glutelin and alcohol-soluble prolamin
groups [3,4]. Glutenin in the glutelin group is found in wheat [5]. Gliadin, hordein, secalin,
and avenin of the prolamin group are respectively found in wheat, barley, rye, and oats.
The prolamin content in gluten is generally determined to be approximately 50% [6,7].

Celiac disease (CD) can be classified as a chronic immune-mediated inflammatory
pathology of the small intestine caused by dietary gluten [8]. When CD patients consume
gluten-containing food, an autoimmune reaction occurs. The disease causes terrible con-
traction of the intestinal mucosa, preventing nutrient absorption, and its most common
symptoms are diarrhea, anemia, fatigue, and growth retardation [9,10]. Thus, it is essential
to maintain a gluten-free diet among these patients, as even trace levels of gluten can
damage the mucosal membrane of the small intestine [11]. CD affects approximately 1%
of the world’s population. The extensive use of yeast and refined grains is one of the
most recent causes of such trends [8]. Currently, the only treatment for CD and most other
related disorders is lifelong avoidance of gluten in the diet [12,13]. With the increase in
the prevalence and the awareness of CD, the gluten-free food industry recorded a 136%
growth rate from 2013 to 2015 [14,15].

Foods 2021, 10, 108. https://doi.org/10.3390/foods10010108 https://www.mdpi.com/journal/foods
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To ensure the safety of gluten-free food for CD patients, they must adhere to a gluten
content threshold [16]. According to the Codex Alimentarius Commission (CODEX STAN
118-1979), the Commission Implementing Regulation (EU 828/2014), and the U.S. Food and
Drug Administration (FR Doc. 2013-18813), products labeled “gluten-free” must comply
with gluten levels of less than 20 mg/kg [17–19]. Products considered “food specifically
processed to reduce gluten content” and “low gluten-level” must comply with gluten
levels between 20 and 100 mg/kg [20]. Because these values are defined, it is important to
provide analytical tools that can accurately and precisely quantify gluten content in various
food products [21].

Currently, the Codex Alimentarius Commission proposes enzyme-linked immunosor-
bent assay (ELISA), as an analytical method, to achieve gluten-free product labeling [22].
This technique includes sandwich methods and competitive polyclonal methods. Most
commercial ELISA test kits are based on monoclonal antibodies (R5, Skerritt, G12, and
α20) [23–26]. However, ELISA is very expensive, and the reproducibility of the results
varies depending on the ELISA test kit type. Differences have been noted in the affinity for
gliadin and glutenin of the R5 and the 401/21 antibodies across test kits [27]. Differences
have also been observed between values obtained using R5 sandwich and competitive
methods for gluten-containing cereals [22]. The effect of food matrices on the detection
of gluten is reflected in the differences in recovery [28]. Therefore, whether ELISA is a
precise and accurate method to measure gluten content in food remains unclear [29,30].
Furthermore, although many studies have been conducted to confirm the reproducibility
of ELISA kits, most of these were performed using wheat flour, and confirmatory studies
using a variety of food products on the market are insufficient.

In this study, ELISA methods using R5 and G12 antibodies—against secalin from
rye and gliadin from wheat, respectively—[25,31] proposed by the Codex Alimentarius
Commission as temporary authorized analytical methods were compared, and calibration
was performed for the quantitative analysis of gluten in various food products on the
market. The results of the qualitative analysis were compared with those of the quantita-
tive analysis.

2. Materials and Methods

2.1. Materials

Alcoholic beverages, bread, noodles, powdered food items, and snacks, listed in Table 1,
were purchased from a local market (Wanju, Korea). Each sample was homogenized in a blender.
Samples were stored at −20 ◦C until analysis.

Table 1. Food products used in analysis.

Type of Food Product Label

Bread
Black rice bread Gluten-free

Plain bread Contains gluten
White rice bread Gluten-free

Noodles

Buckwheat soba Contains gluten
Cellophane noodle Gluten-free

Instant noodle Contains gluten
Plain noodle Contains gluten
Rice noodle Gluten-free

Spaghetti noodle Contains gluten
Udon noodle Contains gluten

Powdered food items

Corn starch Gluten-free
Green bean powder Gluten-free

Potato starch Gluten-free
Rice flour Gluten-free

Soft wheat flour Contains gluten
Strong wheat flour Contains gluten
Sugar cane powder Gluten-free
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Table 1. Cont.

Snacks

Brown rice cereal Gluten-free
Brown rice snack Gluten-free

Corn cereal Gluten-free
Rice snack Gluten-free

Gluten in various food products was analyzed using three different sandwich ELISA
test kits, as shown in Table 2. The RIDASCREEN Gliadin test kit (R-Biopharm AG, Darm-
stadt, Germany), the Veratox for Gliadin R5 test kit (Neogen, Lansing, MI, USA.), and the
AgraQuant Gluten G12 test kit (Romer Labs, Runcorn, U.K.) were used for quantitative
analysis. Using the qualitative test kit AgraStrip Gluten G12 test kit (Romer Labs, Runcorn,
UK), the gluten content was analyzed and compared with the results of quantitative analy-
sis. The analytical method for gluten detection and analysis followed protocols provided
by each test kit manufacturer. All food samples were analyzed in triplicate.

Table 2. Characteristics of commercial ELISA test kits.

Test Kit Manufacturer Format Antibody Target Protein

RIDASCREEN
Gliadin R-Biopharm Sandwich R5 Gliadin

Veratox for
Gliadin R5 Neogen Sandwich R5 Gliadin

AgraQuant
Gluten G12 Romer Labs Sandwich G12 Gluten

AgraStrip
Gluten G12 Romer Labs Lateral flow

device (LFD) G12 Gluten

2.2. Quantitative Analysis of Gluten Using RIDASCREEN Gliadin Test

The analytical protocol followed the ELISA test kit manufacturer’s instructions pre-
cisely. The sample (0.5 g) was placed into a 50 mL centrifuge tube and incubated for 40 min
at 50 ◦C by adding 2.5 mL of the cocktail solution. Subsequently, 80% ethanol (7.5 mL)
was added and mixed for 60 min to extract gluten. Samples were centrifuged for 10 min
at 2500× g at room temperature. Three independent extraction procedures for each food
sample were performed with triplicate measurements.

Next, 100 μL of each blank, standard, and sample solution was added into the wells
and incubated for 30 min at room temperature, after which the standard and the sample
solutions were removed from the wells. All wells were washed with a wash buffer three
times. Thereafter, 100 μL of the conjugate was added to the wells and incubated for 30 min.
Next, the conjugate was removed, and the wells were washed three times. Thereafter,
50 μL of the substrate and 50 μL of chromogen were added to each well and incubated
for 30 min in the dark. Finally, 100 μL of the stop solution was added to measure the
absorbance at 450 nm.

2.3. Quantitative Analysis of Gluten Using Veratox for Gliadin R5 kit

For samples that were not subjected to the heat treatment process, 1.0 g of the sample
and the extraction additive were placed in a centrifuge tube (Fisher Scientific, Pittsburgh,
PA, USA). Subsequently, 10 mL of 60% ethanol was added and mixed for 10 min. After
centrifugation for 10 min at 2500× g, 100 μL of the upper layer of the extract was put into
the tube, and 4.9 mL of the sample extract dilution solution (phosphate buffered saline, PBS,
Sigma, MO, USA) was added to dilute each sample at a 1:50 ratio. The diluted samples
were analyzed within 2–3 h.

Samples (0.25 g) for the heat treatment process were put into a tube, and 2.5 mL of the
cocktail solution was added (if the samples contained buckwheat, chestnut, and tannin, an
extraction additive was added to prevent disruption of analysis due to polyphenols) [22].
The mixture was homogenized for 30 s and incubated at 50 ◦C for 10 min. Three minutes
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later, 7.5 mL of 80% ethanol was added, and the mixture was shaken for 1 h. After extraction,
the sample was centrifuged for 10 min at 2500× g. PBS (2.3 mL) was added to 200 μL of
the upper layer to dilute the sample at a 1:12.5 ratio.

Approximately 150 μL of a blank, standard, and samples was injected into the red-
marked mixing well, and 100 μL of each aliquot was moved into the antibody-coated well,
and then incubation was performed for 10 min, after which the red-marked mixing well
was removed from the plate. The standard and the sample solution in the antibody-coated
well were removed, and the wells were washed five times with a wash buffer. After adding
100 μL of the conjugate to the well, the plate was incubated for 10 min, and then the
conjugate was removed and the well washed five times. Next, 100 μL of the substrate was
added to the well and incubated for 10 min, and then 100 μL of the stop solution was added
to measure the absorbance at 650 nm (VersaMax™ microplate ELISA reader, Molecular
Device, CA, USA).

2.4. Quantitative Analysis of Gluten Using AgraQuant Gluten G12 kit

A 0.25 g specimen was placed in a tube, and 2.5 mL of an extension solution was
added. The mixture was incubated at 50 ◦C for 40 min, and 80% ethanol (7.5 mL, Merch,
Darmstadt, Germany) was added with a rotator for 60 min for extraction. The extracts
were centrifuged for 10 min at 2000× g.

The wells were then washed with the wash buffer five times. Thereafter, 100 μL of
the conjugate was added to each well and incubated for 20 min and then removed. The
washing step was repeated five times. Next, 100 μL of the substrate was added to the well
and incubated for 20 min in the dark. Finally, 100 μL of the stop solution was added to
each well to measure the absorbance at 450 nm.

2.5. Qualitative Analysis of Gluten Using AgraStrip Gluten G12 kit

A 0.2 g sample was put into the extraction tube, and 2.5 mL of the extension buffer
was added. About 100 μL of the extract was put into the dilution tube, and the dilution
buffer was added up to the mark of 5 mg/kg. After dipping the test strip vertically, we
waited for 45 s for the solution to rise to the flow level line. The test strip was removed
from the tube, and the result was checked 10 min later. If a single blue line appeared in the
result zone, it was considered a negative result, but if blue and red lines appeared, it was
considered a positive result. If a positive reaction occurred at 5 mg/kg, the dilution buffer
was added up to the 10 mg/kg and 20 mg/kg marks, and the same process was repeated.

2.6. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 23 (IBM, Armonk, NY,
USA). Data were analyzed by one-way ANOVA and Duncan’s multiple range test for
investigating significant differences (p < 0.05).

3. Results

3.1. Calibration of ELISA Test Kits

Gluten usually includes gliadin and glutenin at a ratio of 1:1 [32,33]. In the case of the
RIDASCREEN gliadin kit and the Veratox for gliadin R5 kit, twice the quantitation value of
gliadin was calculated as the approximate content of gluten. The AgraQuant Gluten G12
kit indicates the detected gluten content. For quantitative analysis, standard calibration
curves of five points were obtained using each ELISA kit. The limit of detection (LOD) and
the limit of quantitation (LOQ) were validation data specified by the manufacturers. The
results and data are shown in Table 3.

6
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Table 3. Linearity and sensitivity of sandwich ELISA test kits.

Test Kit

Linearity Sensitivity

Linear
Range

(ng/mL)

Calibration
Curve

R2 LOD
(mg/kg)

LOQ
(mg/kg)

RIDASCREEN
gliadin kit

5–40 Linear 0.9175
1.0 5.05–80 Quadratic 0.9953

Veratox for
gliadin R5

5–40 Linear 0.9966
5.0 5.05–80 Quadratic 0.9988

AgraQuant
Gluten G12

5–100 Linear 0.9874
2.0 4.05–200 Quadratic 0.9958

LOD and LOQ mean limit of detection and limit of quantification, respectively.

Calibration of RIDASCREEN gliadin kit based on the R5 antibody was performed as
follows. Linearity was confirmed in the concentration range of 5-40 μg/mL. The correlation
coefficient for the linearity of the four points was R2 > 0.91. For the concentration range of
5-80 μg/mL, the correlation coefficient for the quadratic of five points was R2 > 0.99. More
than 1.0 mg/kg of gluten could be detected, and the LOQ was 5.0 mg/kg.

The linearity of Veratox for gliadin R5 kit based on the R5 antibody was found in
the 5–40 μg/mL concentration range. The correlation coefficient of the four points for
linearity was R2 > 0.99. In the case of the concentration range of 5-80 μg/mL, the correlation
coefficient for the quadratic of five points was R2 > 0.99. The LOD and the LOQ were
estimated at 5.0 mg/kg, respectively.

The linearity of AgraQuant gluten G12 kit based on the G12 antibody was found in
the 5–100 μg/mL concentration range. The correlation coefficient for the four points was
R2 > 0.98. For the concentration range of 5-200 μg/mL, the correlation coefficient for the
quadratic of five points was R2 > 0.99. The estimated LOD and LOQ were 2.0 mg/kg and
4.0 mg/kg, respectively.

From the linearity results of the absorbance readings, a quadratic regression was used
in all samples in this study.

3.2. Results of Qualitative Analysis of Gluten in Products

The qualitative analysis results using the AgraStrip Gluten G12 Kit are shown in
Table 4. Gluten detection was performed for 21 types of food products. Among breads,
only plain bread made of wheat flour gave a positive result. Among noodles, buckwheat
soba, plain noodles, instant noodles, spaghetti noodles, and udon noodles tested positive.
Among the powders, strong and soft wheat flour tested positive. All snacks tested negative.
In total, only eight samples were found to contain gluten.

Table 4. Results of qualitative analysis of gluten using AgraStrip Gluten G12 test kit.

Type of Food Product
Test Result

5 mg/kg 10 mg/kg

Bread
Black rice bread - -

Plain bread + +
White rice bread - -

Noodles

Buckwheat soba + +
Cellophane noodle - -

Instant noodle + +
Plain noodle + +
Rice noodle - -

Spaghetti noodle + +
Udon noodle + +
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Table 4. Cont.

Powder

Corn starch - -
Green bean powder - -

Potato starch - -
Rice flour - -

Soft wheat flour + +
Strong wheat flour + +
Sugar cane powder - -

Snacks

Brown rice cereal - -
Brown rice snack - -

Corn cereal - -
Rice snack - -

If the result is positive, it is expressed as (+); otherwise, it is denoted as (-).

3.3. Results of Quantitative Analysis of Gluten in Gluten-Containing Products

The results of gluten content in eight samples containing gluten obtained using three
sandwich ELISAs are shown in Figure 1. Gluten was detected in all the samples. Supplemen-
tary Table S1 shows the average and the relative standard deviations. In the case of powders,
the highest content was 51.2–86.9 g/kg for strong wheat flour. Soft wheat flour was found
to contain 23.0–47.3 g/kg of gluten. Flour is classified according to its gluten content. If the
gluten content is high, it is classified as a strong flour; otherwise, it is classified as soft. Of the
noodles, buckwheat soba showed the highest gluten content at 43.2–72.6 g/kg, followed by
plain noodles (43.7–53.0 g/kg), instant noodles (12.0–35.3 g/kg), udon noodles (6.5–30.3 g/kg),
and spaghetti noodles (3.7–20.9 g/kg). Plain bread gave a value of 24.0–40.2 g/kg. A signifi-
cant difference (p < 0.05) was noted when quantification was undertaken using three different
ELISA test kits for gluten-rich food.

Plain bread

Buckwheat so
ba

Instant noodle

Plain noodle

Spaghetti n
oodle

Udon noodle

Soft w
heat flo

ur

Strong wheat flo
ur

Gluten-containing products

G
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n 
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at
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n 
(g

/k
g)

RIDASCREEN (R5 Elisa)
Veratox (R5 Elisa)
AgraQuant (G12 Elisa)

Figure 1. Gluten concentration in gluten-containing products measured using three types of sandwich ELISA.
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3.4. Results of Gluten Content in Gluten-Free Products

The results of gluten content in 13 types of gluten-free samples are shown in Table 5.
Bread, noodles, and snacks had values below the LOD or the LOQ. Among powder products,
when analyzed using AgraQuant kit, a small amount (5.6 mg/kg) of gluten was detected only
in green bean powder.

Table 5. Results for gluten-free products using three types of sandwich ELISA test kits.

Type of food Product

Gluten Concentration (mg/kg)

RIDASCREEN
(R5 ELISA)

Veratox (G5
ELISA)

AgraQuant
(G12 ELISA)

Bread
Black rice bread Below LOD Below LOD Below LOD
White rice bread Below LOD Below LOD Below LOD

Noodles
Cellophane

noodle Below LOD Below LOD Below LOD

Rice noodle Below LOD Below LOD Below LOD

Powder

Corn starch Below LOD Below LOD Below LOD
Green bean

powder Below LOQ Below LOD 5.6 ± 0.4

Potato starch Below LOD Below LOD Below LOD
Rice flour Below LOD Below LOD Below LOD

Sugar cane
powder Below LOD Below LOD Below LOD

Snacks

Brown rice
cereal Below LOD Below LOD Below LOD

Brown rice snack Below LOD Below LOD Below LOD
Corn cereal Below LOD Below LOD Below LOD
Rice snack Below LOQ Below LOD Below LOD

All values are denoted as mean ± standard deviation (n = 3).

4. Discussion

In this study, the reproducibility of several commercial ELISA test kits for the quan-
tification of gluten content was assessed. The RIDASCREEN and the Veratox test kits
employ the affinity of the R5 antibody for gliadin, whereas AgraQuant employs that
of the G12 antibody for gliadin. All three types of test kits were used in the sandwich
method. For the RIDASCREEN gliadin test kit and the Veratox for Gliadin R5 test kit, the
correlation coefficients for quadratic regression in the concentration range of 5-80 ng/mL
were R2 > 0.99 and R2 > 0.99, respectively. The LODs were 1.0 mg/kg and 5.0 mg/kg,
respectively, and the LOQs were 5.0 mg/kg for both. For the AgraQuant Gluten G12 test
kit, the correlation coefficient for quadratic in the concentration range of 5 to 200 ng/mL
was R2 > 0.99. The LODs and the LOQs were 2.0 and 4.0 mg/kg, respectively. For the
qualitative analysis of gluten using the AgraStrip Gluten G12 kit, the gluten-free food
tested negative for gluten. Using three different ELISA test kits for quantitative analysis,
the obtained results were mostly below the LOD. Some gluten-free powders, such as green
bean powder, had gluten contents of 5.6 mg/kg. This may due to the contamination with
flour during production. The plant where the powder production process is carried out also
produces wheat flour, corn starch, green bean powder, and sugarcane powder, leading to a
potential cross-contamination of the products. However, according to CODEX, European
Commission Regulation, and the U.S. Food and Drug Administration, products with a
gluten content of less than 20 mg/kg can be labeled “gluten-free” [18,19].

In contrast, the gluten contents of gluten-rich products were 23.0–86.9 g/kg for flour,
3.7–72.6 g/kg for noodles, and 24.0–40.2 g/kg for bread. For these gluten-rich products,
when quantification was carried out using the three different ELISA test kits, a significant
difference (p < 0.05) in gluten content was observed. This is due to differences in the
antibody characteristics and the extract solutions of the ELISA test kits. Various food
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matrices remain difficult to analyze owing to either interference of antibody binding by the
food matrix or cross-reactivity [22]. The results depend on the extraction method when
using a cocktail solution containing 2-mercaptoethanol [34]. Several previous studies have
reported similar results to ours. Scherf [35] reported that seven commercial ELISA test kits
showed different gluten assay results in wheat products, especially gluten-free wheat. In
addition, other studies using ELISA kits reported gluten contents higher than the stipulated
threshold for gluten-free products. Likewise, Bruins Slot et al. [22] also reported similar
results revealing that oat flour (a gluten-free labeled product) had a gluten content of more
than 20 mg/kg and that the measurement error is large between the different commercial
gluten kits used to measure the gluten content in foods. They concluded that it was due
to the difference in the ability to extract gluten from the food matrix, the difference in
the sensitivity of the used antibody, and in the reference material of the kits. As a result,
the analysis of gluten content using such kits has some drawbacks, and thus an accurate
analysis through a new analysis technique is required.

5. Conclusions

In summary, using three commercial ELISA test kits for measuring gluten content in
various food products, calibration and quantitative analyses were conducted. The results
showed that the reproducibility of the three kits was low. These kits had to accurately detect
gluten in mg/kg units because the standard level for gluten-free products is 20 mg/kg.
However, the experimental results confirmed an error in the g/kg units. Therefore, methods
of extraction or device analysis that utilize precision analysis devices should be studied to
ensure safe products for CD patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/1/108/s1. Table S1, Concentration of gluten in gluten-containing products using three types of
sandwich ELISA test kits.
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Abstract: This work investigates the effects of red rice (R) or buckwheat (B) flour addition on
nutritional, technological, and sensory quality of potato-based pasta (gnocchi). Three gluten-free
(GF) and three conventional (C) samples were produced in an industrial line without any addition
or with 20% R or B. R and B addition significantly (p < 0.05) reduced starch content and increased
fat amount and ready digestible starch fraction (potential higher glycemic impact). R addition
significantly (p < 0.05) worsened GF pasta structure, increasing solid loss in cooking water (5.4 ± 1.2
vs. 4.1 ± 0.5 g/100 g pasta) and reducing product firmness (408 ± 13 vs. 108 ± 2 N). B addition
resulted in intermediate consistency (243 ± 8 N), despite the highest total fiber content and weight
increase during cooking. Similar trends were found in C samples, indicating a better texturizing
capacity of B in comparison to R. Samples without any addition were the most liked (C = 67.4 and
GF = 60.6). Texture was the major contributor to liking: uniform structure and firm texture were
positive predictors of liking, whereas a granular and coarse matrix contributed negatively. The
outcomes of this research can be useful in developing GF potato-based pasta for consumers focused
on healthier foods and for industries willing to better valorize their products.

Keywords: dumpling; gnocchi; gluten free pasta; fiber content; starch digestibility; cooking behavior;
color; texture; liking predictors; consumer acceptability

1. Introduction

The increase in celiac disease and other allergic reactions to gluten has opened new
market opportunities for pasta producers, especially in the sector of fresh products, in
which the gluten-free offering is still limited. The removal of gluten represents a challenge
for good quality products, because it is responsible for the well appreciated pasta structure.
In gluten-free pasta, structure is assured mainly by starch, whose gelatinization degree
plays an important manufacturing role [1,2]. In fact, the use of pregelatinized starch
ingredients allows the application of a standard pasta production process, whereas non-
pregelatinized starch sources require gelatinization to occur during processing. Usually,
proteins, hydrocolloids, and emulsifiers are also included in the formulation to improve
gluten-free dough workability and quality of the final product [3]. Nutritional properties
of gluten-free pasta are not comparable to those of conventional products, because of the
reduced levels of dietary fiber, resistant starch, and protein, with higher glycemic index
and starch digestion rate [4].

Among fresh pasta products, potato dumplings are very popular in many countries
and they are prepared in different way [5]. The Italian version is called “gnocchi”; it
mainly consists of potato (fresh or dehydrated), to which wheat flour and salt are added;
eventually, eggs, emulsifiers, and preservatives can be used in the recipe [6]. In order to
improve nutritional properties of conventional and gluten-free gnocchi, different strategies
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have been proposed, such as the addition of quinoa and amaranth flours [7], green coffee
extract [8], navy bean flour, and meat [9]. In this context, the enrichment with red rice or
buckwheat flours could also have a positive effect.

Red rice is a pigmented variety of rice (Oryza sativa L.) with beneficial health effects
due to the antioxidant activity of bioactive compounds such as phenolic compounds,
anthocyanins, and proanthocyanidins, which are associated with protection against chronic
diseases [10]. A number of papers demonstrated the anti-oxidant, anti-diabetic, anti-
hyperlipidemic, and anti-cancer activity of pigmented rice varieties, which are thus gaining
popularity among consumers. However, texture and palatability of pigmented rice are
poor and, thus, the consumers’ acceptance is low [11], justifying the limited number of
studies on red rice enriched pasta [12,13].

Buckwheat (Fagopyrum spp.) is a pseudocereal belonging to the family of the Polygonaceae,
with a more balanced amino acid composition and, thus, biological value higher than that
of most cereals. It can safely be consumed by people suffering from celiac disease and it is
rich in constituents important for human health, such as dietary fiber, antioxidants, minerals,
and vitamins [14]. Moreover, buckwheat has a high level of resistant starch (27–33.5%), which
can help in modulating blood glucose and lipid levels, regulating intestinal microbiota, and
reducing obesity [15]. The use of buckwheat in bread, cookies, and pasta formulations, both
conventional and gluten-free, has been extensively studied [14,15], however the effects of its
addition in gnocchi recipes have not yet been evaluated.

The aim of this study was to investigate the effects of red rice or buckwheat flour
addition (20%) on the nutritional, technological, and sensory qualities of conventional and
gluten-free quick-frozen gnocchi, produced by a turbo-cooking technology. This thermal
technology, patented by VOMM Impianti e Processi S.p.A. (Rozzano, Italy), causes the
starch gelatinization during gnocchi production, allowing to obtain a good final product
without including pregelatinized ingredients in the formulation [6].

2. Materials and Methods

Three gluten-free (GF) and three conventional (C) samples of potato-based pasta
(i.e., gnocchi) were produced without or with 20% addition of wholemeal red rice (R;
Distretto rurale “Riso e Rane”, Cassinetta di Lugagnano, Italy) or wholemeal buckwheat
(B; Molino Filippini S.r.l., Teglio, Italy) flour (Figure 1). All of the other ingredients were
provided by Zini Prodotti Alimentari S.p.A. (Cesano Boscone, Italy).

 
GF GFR GFB 

 
C CR CB 

Figure 1. Gluten free (GF) and conventional (C) potato-based pasta samples without or with 20%
addition of red rice (R) or buckwheat (B) flour.

The potato-based pasta recipe was defined according to literature data [6] and Zini
Prodotti Alimentari S.p.A. (Cesano Boscone, Italy) experience. GF reference sample was
made of water, rice flour, dehydrated potato (24 g/100 g), corn flour, and salt; C reference
sample contained water, semolina flour, dehydrated potato (33 g/100 g), and salt. All
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samples were produced by Zini Prodotti Alimentari S.p.A. (Cesano Boscone, Italy) in
an industrial line by a turbo-cooking technology (VOMM® Impianti e Processi S.p.A.,
Rozzano, Italy) followed by individual quick-freezing at −35 ◦C [6]. Samples were stored
at −18 ◦C till their characterization.

ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt, A1888),
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, 238,813), potassium per-
sulphate (dipotassium peroxydisulphate, P-5592), pepsin (P7000; ≥250 U/mg), pancreatin
(P7545; 8xUSP), invertase (I4504; ≥300 U/mg) and amyloglucosidase (A7095; ≥260 U/mL),
were purchased from Sigma Chemical Co. (St. Louis, MO, USA) and chemicals at analytical
grade from Merck KGaA (Darmstadt, Germany).

2.1. Pasta Cooking Conditions

For nutritional and technological evaluation, pasta samples were cooked in boiling
unsalted tap water (1:10 pasta:water ratio) for their optimal cooking time (OCT) and
drained for 1 min. For sensory evaluation, samples were cooked at OCT in salted tap water
(salt: 10 g/L) in order to make the evaluation more similar to common consumption. The
OCT of each sample was defined according to preliminary sensory tests: GF and C, 120 s;
CR, 100 s; GFR, GFB, and CB, 90 s.

2.2. Nutritional Quality Evaluation

Raw gnocchi samples were ground in a mixer (Bimby VM 2200, Thermomix, Wor-
werk, Wuppertal, Germany) for 5 min at maximum speed and characterized in terms of
composition. Moisture and ash content were evaluated by the official gravimetric methods,
lipids were extracted with a mixture of ethyl ether and petroleum ether (2:1) using a Soxh-
let apparatus and nitrogen content was detected according to the Kjeldahl method [16].
Proteins were calculated using 6.25 as the nitrogen/protein conversion factor. HPLC with
an ion exchange column combined with a pulsed amperometry detection system was
used to evaluate soluble sugars [17]. Soluble and insoluble fibers were evaluated by an
enzymatic-gravimetric procedure [16,18]. The antioxidant capacity was measured by the
ABTS· assay and expressed as Trolox equivalents (Trolox standard concentrations were
2–22 μmol/L; calibration curve, r = 0.994) [19]. All of the evaluations were run in triplicate.

Cooked gnocchi were ground by using a screw-type kitchen grinder, for the analysis
of in vitro starch digestibility [20,21]. The method measures the rate of digestion through
a series of proteolytic and amylolytic enzymatic attacks under controlled conditions of
temperature, pH, viscosity, and stirring speed, simulating the different digestive steps
that take place in vivo. Based on the HPLC analysis of the glucose released after 20 min
(G20) and 120 min (G120), the fractions of ready (RDS) and slowly (SDS) digestible starch
were calculated. The sum of RDS and SDS is indicative of the starch digestible in the small
intestine and it is defined as available starch (AvSt). The ratios of RDS and SDS over AvST
were also calculated. The digestibility tests were conducted in duplicate and repeated
4 times (n = 8).

2.3. Technological Quality Evaluation

Color of R and B was evaluated by using a Minolta Chroma Meter II (Minolta, Osaka,
Japan) with standard illuminant C, on flours (approximately 30 g) levelled in petri dishes.
Results were expressed in the CIE L*a*b* space as L* (lightness; from black (0) to white
(100)), a* (from green (−) to red (+)), and b* (from blue (−) to yellow (+)) values. The
particle size distribution of the flour samples (50 g) was evaluated by means of the analytical
sieve shaker Octagon Digital (Endecotts Ltd., London, UK), by using 4 certified sieves
(openings: 90, 125, 250, and 500 μm). Five fractions were collected after sieving for 10 min
at amplitude 6 in the presence of 3 plastic spheres (diameter: 3.0 cm) on each sieve, to make
the sifting of the fine particles easier. Triplicate measurements were performed for each
sample and results were expressed as g/100 g for each fraction.

15



Foods 2021, 10, 91

Raw gnocchi were characterized in terms of weight, surface color (using a colorimeter
Minolta Chroma Meter II; Minolta, Osaka, Japan), and geometrical indices (by image
analysis according to literature data [2]). Sample images were acquired at 300 dpi resolution
using a flatbed scanner (HP SCANJET8300; Hewlett-Packard Development Company,
Palo Alto, CA, USA) and covering gnocchi with a black box to amplify the contrast between
the objects and the background and to prevent light losses. Images were processed using
a dedicated software (Image Pro-Plus v. 4.5.1.29, Media Cybernetics Inc., Rockville, MD,
USA) in order to measure sample area, width, and length. For each samples, fifteen
randomly-selected raw gnocchi were analyzed.

Cooked gnocchi were evaluated after being cooked at their OCT and cooled in an
airtight container for 25 min at room temperature in order to ensure a complete cooling as
temperature can affect the texture properties. Cooked samples were characterized in terms
of surface color and geometrical indices (as previously reported for raw sample), weight
increase, by weighing gnocchi before and after cooking, and solid loss into the cooking
water, by evaluating the dry matter of the cooking water (dried at 105 ◦C, to constant
weight). All the measurements were done in triplicate, cooking fifteen gnocchi in each
replicate. Gnocchi texture was assessed with a TA-HDplus Texture Analyzer (Stable Micro
Systems, Surrey, UK) equipped with a 10-blade Kramer shear cell and a 250-N load cell.
The Texture Exponent TEE32 V 3.0.4.0 software (Stable Micro System, Surrey, UK) was
used to control the instrument and for data acquisition. Cooked gnocchi (98 ± 10 g) were
compressed, sheared, and extruded through the bottom openings of the Kramer cell by the
blades moving at 2 mm/s speed, simulating chewing. The maximum force (N) reached
during the shear/extrusion test was extrapolated from the stress–deformation curve as an
index of the product hardness. Seven replicates were carried out for each sample.

2.4. Sensory Quality Evaluation

Ninety-six consumers (36 males and 60 females, age range: 19–64 years, mean age
30.3 ± 11.8) took part in the experiment. All subjects reported to like gnocchi and to
consume them at least once in a month. Participants with allergies or intolerances towards
ingredients present in the formulations were excluded from the evaluation. All subjects
gave their written informed consent prior to the beginning of the study and they were
instructed to refrain from smoking, eating, and drinking (except water), in the hour before
tasting. The study protocol was approved by the Ethical Committee of the University of
Milan. The study was conducted in agreement with the Italian ethical requirements on
research activities and personal data protection (D.L. 30.6.03 n. 196) and according to the
principles of the Declaration of Helsinki.

The tasting sessions were organized over two consecutive days in the sensory labora-
tory of the Department of Food, Environmental, and Nutritional Sciences (University of
Milan, Milan, Italy) designed according to the International Organization for Standardiza-
tion (ISO) guidelines [22]. Eight rounds were organized in the 11:00 a.m.–2:00 p.m. time
slot, each comprising 12 subjects. For each round, the samples (300 g) were cooked in
3 L of salted water (salt: 10 g/L) and tasted with tomato sauce (40 g/100 g; provided by
Zini Prodotti Alimentari S.p.A., Cesano Boscone, Italy) in order to make the evaluation
more similar to common consumption. Samples were prepared immediately before each
tasting session and served monadically (approximately 20 g by sample) in white plastic
dishes coded with 3-digit numbers. The presentation order was balanced according to
Latin square to limit carry-over effects [23].

Two methods were applied: a hedonic test to have insights on the overall liking of
each sample and the Check-All-That-Apply (CATA) method, which is a simple approach
to gather information about consumers’ perception of the sensory characteristics of food
products [24]. With this method, consumers are asked to taste the products and to answer
a CATA question by selecting from a list of descriptors all the terms that they consider
appropriate to describe each of the samples. In the present study, the descriptors were
chosen in a preliminary test involving 6 untrained subjects who tasted the six samples
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and generated a list of 12 terms: 6 for texture in mouth (firm, coarse, rubbery, soft to be
chewed, grainy/pieces, adhesive/sticks to teeth) and 6 hedonic terms related to appearance
(pleasant and unpleasant appearance), taste (pleasant and unpleasant taste) and texture
(pleasant and unpleasant texture). The terms were selected in order to be easily understood
by consumers. The number of terms chosen is in line with the number suggested by the
literature, i.e., between 10 and 40 terms [25].

Prior to the beginning of the session, participants were instructed about the overall
methodology and received a brief explanation of the CATA terms. Then, they were invited
to taste the samples in individual sensory booths under normal light conditions. Each
consumer was informed about what he/she was going to taste (e.g., “You are going to
taste a sample of gnocchi added with buckwheat”). For each sample, at first participants
rated their overall liking using an unstructured linear scale anchored at the extremes with
“Extremely disliked” (left of the scale, corresponding to 0) and “Extremely liked” (right of
the scale, corresponding to 100), then, they were asked to select all the descriptors suitable
for describing that sample. The position of CATA attributes in the list was randomized
across participants but fixed for each participant [26]. Participants were instructed to drink
a sip of water between samples tasting.

2.5. Data Analysis

Nutritional and technological results were expressed as mean ± standard deviation
(SD) values. All data were subjected to one-way analysis of variance (ANOVA), followed
by the Least Significant Difference (LSD) test to identify significant differences between the
samples (p ≤ 0.05). The statistical analysis was carried out using STATGRAPHIC_Plus for
Windows v. 5.1 (StatPoint Inc., The Palins, VA, USA).

Sensory data were processed by a mixed ANOVA model performed on liking data
considering subjects as a random factor and samples as fixed factor. The LSD test was used
to compare the samples. For the CATA questions, the frequency of mention for each term
was determined by counting the number of subjects that used that term to describe each
sample. Cochran’s Q test was performed for each of the 12 terms to evaluate significant
differences among samples.

To study the relationship between CATA questions, technological properties of cooked
gnocchi and liking data, Partial Least Square Regression (PLSR) analysis was performed [27,28].
PLSR models both the X- and Y-matrices simultaneously to find the variables in X that best
predict the variables in Y. The PLSR components are referred to as factors or latent variables or
latent structures. In PLSR models, scores and loadings express how the samples and variables
are projected along the model factors [29]. CATA questions and technological variables were
considered as the X matrix and average liking scores of each product as the Y matrix. Data
were standardized (i.e., scaled to unit variance) prior to modeling and full cross validation was
chosen as the validation method. A correlation loadings plot was used to find variables with
less than 50% explained variance which were left out of the model [30]. This only resulted in
the omission of one technological variable, i.e., solid loss.

SAS software v. 9.4 (SAS Institute Inc., 2012, Cary, NC, USA) and The Unscrambler X v.
10.3 (CAMO, Oslo, Norway) were used as statistical software packages. A p-value ≤ 0.05
was chosen as the threshold for statistical significance.

3. Results and Discussion

3.1. Nutritional Quality

Proximate composition of gnocchi is reported in Table 1. The amount of water added
to the formulation is a critical parameter affecting the quality of the final product and
approximately 53 g/100 g of water (corresponding to 49–54 g/100 g of product moisture)
was indicated as a good amount for a formulation based on corn flour, rice flour, and dried
potatoes [6]. Accordingly, the moisture content of GF and C was 54.7 and 53.3 g/100 g, re-
spectively, whereas gnocchi containing R or B generally showed a higher moisture content
(up to 58 g/100 g) as they required more water during pasta production to ensure a good
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dough workability through industrial machines, this may be due to the presence of whole-
meal flours having a higher fiber content. Similar moisture values (58 and 61 g/100 g) were
found in the literature for gnocchi containing amaranth and quinoa flours, respectively [7].

Table 1. Nutritional composition (g/100 g) and antioxidant capacity (mmol TEAC/kg) of raw gnocchi.

GF GFR GFB C CR CB

Moisture 54.7 ± 0.2 bc 58.1 ± 0.2 d 56.6 ± 0.6 d 53.3 ± 0.1 b 51.1 ± 0.9 a 54.7 ± 0.9 c

Ash 1.31 ± 0.04 a 1.35 ± 0.19 a 1.38 ± 0.14 ab 1.14 ± 0.04 a 1.68 ± 0.05 c 1.67 ± 0.14 bc

Lipids 0.26 ± 0.01 a 0.47 ± 0.06 b 0.55 ± 0.04 b 0.83 ± 0.06 c 1.40 ± 0.10 e 1.15 ± 0.07 d

Proteins 4.2 ± 0.4 a 4.4 ± 0.2 a 4.6 ± 0.3 ab 6.4 ± 0.1 cd 5.5 ± 0.3 bc 6.6 ± 0.8 d

Starch * 40.3 ± 0.1 e 36.6 ± 0.2 d 31.2 ± 0.1 b 33.9 ± 0.4 c 34.5 ± 0.7 c 29.5 ± 0.1 a

Sugars 0.26 ± 0.01 a 0.34 ± 0.02 a 0.36 ± 0.08 a 4.70 ± 0.49 c 2.77 ± 0.24 b 2.66 ± 0.25 b

TDF 0.8 ± 0.3 a 1.3 ± 0.3 ab 6.0 ± 0.5 d 1.7 ± 0.1 b 1.8 ± 0.1 b 4.8 ± 0.1 c

IDF 0.6 ± 0.1 a 1.0 ± 0.3 a 5.4 ± 0.4 c 1.0 ± 0.2 a 1.0 ± 0.2 a 4.2 ± 0.2 b

SDF 0.2 ± 0.1 a 0.3 ± 0.1 a 0.7 ± 0.1 b 0.7 ± 0.1 b 0.8 ± 0.1 b 0.6 ± 0.1 b

TEAC 2.13 ± 0.18 a 3.46 ± 0.11 ab 6.93 ± 1.22 c 4.16 ± 0.66 b 4.83 ± 0.37 b 6.94 ± 0.09 c

* Starch was calculated as difference; TDF, total dietary fiber; IDF, insoluble dietary fiber; SDF, soluble dietary fiber; TEAC, Trolox equivalent
antioxidant capacity. In the same row, data having different letters are significantly different (p < 0.05).

As expected, for both conventional and GF products the addition of wholemeal R and
B flours tended to increase the levels of some nutrients (i.e., lipids, protein, and dietary
fiber) while decreasing the starch content. In particular, the addition of B and R significantly
increased fat content to about twice the reference samples, due to the lipids presents in
the two flours used. In conventional gnocchi (sample C), the addition of both flours to the
formulation resulted in a significant reduction (about 50%) of the soluble sugar content.
Only the enrichment with B flour led to a significant increase in the level of total fiber in
both conventional and gluten free products, mainly represented by the insoluble fraction.
It is worth mentioning that the total fiber contents achieved in GFB and CB (>3%) allows
one to report on the label the nutritional claim—“Source of fiber”—in accordance with
the European Regulation 1924/2006 about nutrition and health claims provided on food
products. The addition of whole buckwheat, a pseudocereal known to possess a high
antioxidant potential [19], increased the antioxidant capacity of GFB and CB, probably
promoting their protection from oxidation during storage.

Regarding the starch quality data shown in Figure 2 evidence that the addition of
B and R flours led to changes in the rate of starch digestion in comparison to reference
products (C and GF). In particular, the addition of red rice flour in conventional products
did not exert significant effects, while in GF gnocchi it increased by about 20% the fraction
of rapidly digestible starch and reduced to about a third the fraction of slowly digestible
starch, thus suggesting a potential increase in post-prandial glycemia of the enriched
products compared to the GF reference. In fact, the RDS fraction is directly related to the
glycemic response of the product itself [20,31], while the insulinemic response appears
inversely related to the SDS fraction [32]. In addition, recently, the European Food Safety
Authority (EFSA) has approved a health claim regarding the role of SDS in the control
of post-prandial blood glucose [33]. The different effect of R addition in the two types
of reference products could be attributable, at least in part, to the different impact of rice
starch on the structure: in GF the presence of rice starch weakened the structure of the
finished product [34], while in traditional gnocchi, where the structure is maintained by the
presence of gluten, the “destructuring” effect of rice starch was not detected. Differently,
the use of buckwheat flour, affected the rate of starch digestion in both types of gnocchi,
promoting a greater presence of starch that is rapidly digestible and a reduced level of
the slowly digestible, more evident in GF products (RDS +16%; SDS −15%) compared
to conventional ones (RDS +10%; SDS −11%), thus likely increasing the glycemic impact
of both products. This effect is probably attributable to the presence of a higher fiber
content (mostly insoluble), which could interfere with the formation of a compact gluten
matrix [34] thus, promoting a greater accessibility of starch to digestive enzymes. In GF
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products, the higher RDS fraction (>starch accessibility to digestion) is likely to be due to a
“destructuring” effect attributable to the presence of fiber that tied water during kneading,
thus, compromising the proper distribution of water and interfering with the gelatinization
of the dough starch.
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Figure 2. Rapidly (grey bar) and slowly (black bar) digestible starch fractions in cooked gnocchi.
RDS, rapidly digestible starch; SDS slowly digestible starch; AV, total available starch. For each
parameter, bars with different letters are significantly different (p < 0.05).

3.2. Technological Quality

The technological evaluation of raw and cooked gnocchi is summarized in
Tables 2 and 3, respectively.

Table 2. Technological characterization of raw gnocchi.

GF GFR GFB C CR CB

L* 77.5 ± 2.3 c 58.4 ± 1.4 b 54.3 ± 3.2 a 76.2 ± 1.7 c 58.5 ± 2.9 b 54.2 ± 2.3 a

a* −5.5 ± 0.5 b 3.5 ± 0.2 e 0.9 ± 0.2 d −0.6 ± 0.4 a 3.3 ± 0.9 e 0.5 ± 0.3 c

b* 22.7 ± 2.3 d 7.1 ± 0.6 b 5.8 ± 1.0 a 25.3 ± 1.6 e 10.0 ± 0.8 c 6.7 ± 0.8 ab

Area (mm2) 447.0 ± 46.3 a 539.4 ± 62.6 c 510.6 ± 66.6 bc 442.4 ± 36.5 a 491.7 ± 63.4 b 534.2 ± 69.1 c

Width (mm) 18.7 ± 1.1 a 22.0 ± 1.9 cd 22.7 ± 2.6 d 19.0 ± 1.0 a 20.1 ± 1.8 b 21.6 ± 1.6 c

Length (mm) 30.8 ± 2.5 ab 32.1 ± 2.7 bc 30.1 ± 2.8 a 29.9 ± 2.1 a 31.8 ± 2.7 bc 32.7 ± 3.3 c

In the same row, data having different letters are significantly different (p < 0.05).

Table 3. Technological characterization of cooked gnocchi.

GF GFR GFB C CR CB

L* 69.6 ± 0.9 e 52.2 ± 0.8 c 44.7 ± 1.5 a 64.3 ± 1.0 d 51.7 ± 1.3 c 47.1 ± 1.6 b

a* −6.7 ± 0.5 a 4.4 ± 0.5 d 1.5 ± 0.3 c −6.3 ± 0.3 b 4.8 ± 0.4 e 1.3 ± 0.3 c

b* 21.7 ± 1.8 f 8.1 ± 0.7 c 5.1 ± 1.1 a 20.2 ± 1.3 e 10.0 ± 0.5 d 6.9 ± 0.6 b

Weight increase (g/100 g) 12.1 ± 1 b 14.2 ± 1 c 11.4 ± 1 a 11.5 ± 1 ab 14.1 ± 1 c 16.4 ± 1 d

Solid loss (g/100 g) 4.06 ± 0.51 a 5.38 ± 1.23 b 3.52 ± 0.70 a 3.70 ± 0.60 a 3.93 ± 0.61 a 3.48 ± 0.73 a

Hardness (N) 408 ± 13 f 108 ± 2 a 243 ± 8 c 336 ± 17 e 200 ± 18 b 262 ± 8 d

In the same row, data having different letters are significantly different (p < 0.05).

The color of food is one of the first aspects noticed by the consumer and it can affect
its acceptability [35]. Besides the production process, that in the present study was kept
constant for all the newly-made gnocchi, pasta color is mostly due to the ingredient used
(e.g., type of flour and degree of milling). Color of unconventional flours (R and B) was
evaluated: As expected, R flour was characterized by high redness and yellowness values
(a* = 4.7 ± 0.2; b* = 10.3 ± 0.3), whereas B had a white-yellow color (a* value around zero;
b* = 5.7 ± 0.3). Lightness values (L*) were 70.6 ± 0.5 and 74.8 ± 1.4 for R and B flour,
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respectively. Consequently, as reported in Table 2, GFR and CR gnocchi were significantly
redder than the other samples that had a* values ranging from −5.5 to 0.9. The presence
of buckwheat (i.e., GFB and CB samples) caused a reduction of lightness in comparison
to the conventional sample and intermediate a* and b* values. Tiny differences were
noticed between gluten free and conventional samples characterized by high values of
lightness (L* = 76–77) and yellowness (b* = 23–25) values. Similar L* values (77.5 and
63.39–78.34) were reported for reference gnocchi [7,36]. Yellow color in fresh pasta is
generally considered an important quality attribute and both GF and C gnocchi showed
values in agreement with literature data (b* = 18.5–24 [35] and b* = 22.3 [7]).

As Italian gnocchi are recognized by the consumers for their unique shape (Figure 1),
the geometrical indices of raw samples were detected. Gnocchi showed an area ranging
from 447 to 534 mm2, a width of 18.7–22.7 mm, and a length of 29.9–32.7 mm. No significant
differences were noticed between conventional and gluten free references suggesting that
ingredients and process conditions were appropriate also in absence of gluten. The addition
of wholemeal flours turned out in significant (p < 0.05) bigger samples probably due to
the fiber swelling and the higher amount of water added that modify the viscosity of the
dough and, therefore, the product shaping.

Color evaluation of cooked samples (Table 3) reflected the differences noticed in raw
samples; indeed, a strong correlation (r > 0.98, p < 0.0005) among L*, a*, and b* values of
raw and cooked samples was found, suggesting that R and B flours can be effectively used
to confer particular color even to the cooked product. The addition of R and B flours led to a
significantly (p < 0.05) higher weight increase both in gluten free and conventional samples,
maybe due to the higher presence of fiber (Table 1) that binds more water during cooking.
All the sample maintained their shape during cooking and they increase principally in
length, as evidence in literature [1]. GFR showed also the highest area increase during
cooking (3% vs. 0–2% of the other samples, data not shown). Contrary to expectations, no
significant (p < 0.05) difference among cooking loss values were found, except for GFR that
showed a higher solid loss confirming that the addition of unconventional ingredients, such
as red rice flour, to a gluten free matrix is more difficult than for conventional samples. The
amount of solid loss in cooking water, in fact, is widely used as an indicator of pasta quality:
low amounts of residue indicate high cooking quality [1,6,35]. In general, according to
literature data [37], all the enriched gnocchi showed good cooking quality having cooking
loss < 6 g/100 g. In order to limit the cooking loss, a valuable strategy could be the addition
of milk and eggs to the formulation as suggested in a previous study reporting cooking
loss < 1 g/100 g even if quinoa and amaranth flour were added to the recipe [7]. In fact,
egg proteins can ensure cohesiveness of the dough, mainly when heated [38]. Furthermore,
no-forming gluten proteins can create an alternative structure preventing cooking loss [1],
and proteins can interact with other compounds, such as starch or albumins, preventing
starch leaching [39,40]. According to literature data [36], gnocchi is preferred to be quite
thick after cooking and they should not disintegrate even if slightly overcooked. No target
consistencies are known based on literature data and many different tests can be performed
to investigate gnocchi texture. In the present study, both instrumental texture (Table 3) and
sensory texture acceptance (Table 4) were investigated. The hardness of cooked samples
evaluated by Kramer test was significantly (p < 0.05) affected by the different flours used:
both gluten free and conventional gnocchi made with rice flour were 74 and 40% less firm
than the references, whereas gnocchi made with buckwheat flour showed intermediate
hardness, but in any case, lower than the references (−40% and −22% for gluten free and
conventional products, respectively). Similarly, gnocchi made with quinoa and amaranth
were reported to be less hard and springy than the commercial ones [7]. As previously
mentioned for cooking loss, textural parameters could also be affected by the presence
of fiber (which may lead to the formation of discontinuities inside pasta structure [41]),
protein matrix [38], and starch organization [1]. Also flour particle size distribution could
affect gnocchi texture, since literature data indicate that pasta made of fine (138–165 μm)
rice flour is sticky and less hard than sample made with bigger flour [42], whereas rice
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flour particles < 63 μm improve noodle texture due to a rapid retrogradation of starch and
consequently an increase in gel firmness [43]. R flour used in the present study had the
following particle size: 1% ≤ 90, 90 < 17% ≤ 125, 125 < 33% ≤ 250, 250 < 41% ≤ 500, and
8% > 500 μm; B flour was characterized by a higher amount of small (<90 μm) and large
(>500 μm) particle size: 29% ≤ 90, 90 < 16% ≤ 125, 125 < 30% ≤ 250, 250 < 11% ≤ 500, and
14% > 500 μm.

Table 4. Frequency mention (%) of Check-All-That-Apply (CATA) items for each cooked gnocchi
sample.

CATA Items Q GF GFR GFB C CR CB

Pleasant appearance 84.1 79.2 38.5 50.0 84.4 62.5 50.0
Unpleasant appearance 37.0 5.2 26.0 18.8 3.1 10.4 17.7

Pleasant taste 43.4 65.6 47.9 44.8 80.2 65.6 55.2
Unpleasant taste 55.1 1.0 18.8 26.0 1.0 5.2 13.5

Firm 25.2 42.7 20.8 29.2 44.8 37.5 25.0
Coarse 255.0 26.0 57.3 84.4 0.0 14.6 80.2

Rubbery to chew 45.3 53.1 19.8 28.1 49.0 49.0 25.0
Soft to chew 31.8 31.3 56.3 24.0 44.8 44.8 34.4

Grainy/pieces 182.0 9.4 44.8 63.5 1.0 18.8 71.9
Adhesive/Sticks to theet 139.9 14.6 71.9 29.2 12.5 58.3 18.8

Pleasant texture 63.9 56.3 20.8 26.0 63.5 33.3 31.3
Unpleasant texture 73.8 5.2 46.9 39.6 9.4 24.0 34.4

All values are significant at p < 0.0001.

3.3. Sensory Quality

Understanding the drivers of liking and disliking of GF products is important consid-
ering that food appearance, aroma, taste, and texture play a key role in food appreciation
and, thus, in its consumption. In fact, dissatisfaction with both the availability and the
hedonic dimension of GF products has a decisive impact on the non-compliance with
gluten-free diet [44]. There was a significant difference among gnocchi samples in terms of
overall acceptability (p < 0.0001). The multiple comparison test (Figure 3) revealed that C
sample obtained the highest score but it was statistically comparable to GF sample which,
in turn, was not significantly different from CR sample. The CB, GFB, and GFR samples
were comparable to each other, but scored significantly lower and were significantly less
appreciated than the other samples.

The frequency table of terms checked by consumers to describe the gnocchi samples
is reported in Table 4. Significant differences (p < 0.0001 for all items) were found in the
frequency mention for all CATA items. The most appreciated samples (C and GF) were
associated more frequently with descriptors such as pleasant appearance, taste, and texture.
On the other hand, characteristics such as grainy and coarse texture were used to describe
samples with integration of buckwheat, while the integration of rice gave samples a sticky
texture, especially to sample GFR (71.9%), which was also perceived as softer (56.3%) than
the other samples.
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Figure 3. Mean acceptability scores with standard error of the mean. Different letters indicate significant differences
according to Least Significant Difference (LSD) post-hoc test.

Scores and loadings plots from PLSR performed on technological variables, CATA
items and liking are reported in Figure 4a,b. The purpose of this calculation was to establish
which technological variables and sensory attributes predict the preference for the samples.
The first factor explains respectively the 71% and 95% of the variation in Y, while the second
factor accounts for respectively the 14% and 4% of variation. The Y variable (LIKING) is
located in the upper right quadrant (Figure 4b). As the first factor explains almost all the
information in the model, variables having a positive coordinate on the first factor show
a direct correlation with preference, while variables with a negative coordinate on factor
1 are negatively correlated to preference. Texture was a major contributor to liking and
rejection of the samples. Firm and rubbery texture properties were positive predictors of
liking, whereas a granular and coarse matrix contributed negatively to liking. Firmness
perceived by consumers was positively correlated with maximum force. L* and b* colori-
metric coordinates also contributed positively to liking, while a* contributed negatively
(Figure 4b). Comparing the scores (Figure 4a) and loadings (Figure 4b) plots, gnocchi
without addition (C and GF) were the most preferred, because they were characterized by
higher firmness and by bright/yellow color (as expressed by L* and b* parameters). Sam-
ples with rice addition (GFR and CR) had a soft and adhesive texture, which was related
to a higher weight increase after cooking, and a higher intensity of red color as expressed
by the a* parameter. These properties were disliked by consumers. GF products are often
reported being of poorer sensory quality compared to conventional products, especially
with regards to texture due to the lack of viscoelastic properties imparted by gluten. GF
pasta is generally characterized by high stickiness, low firmness, and is prone to important
cooking loss [1,45]. Hydrocolloids and gums have been reported to improve firmness and
mouthfeel sensations of GF pasta formulations because they are able to create a network
which contributes to a better perceived texture [46]. Samples with buckwheat addition
(GFB and CB) were also rejected by consumers due to their grainy and coarse texture likely
due to the higher amounts of particles having dimensions higher than 500 μm and to a
higher fiber content, which also imparted an unpleasant taste and appearance to these
samples. Previous studies on wheat bran enriched pasta showed that fibers elicit negative
sensations in consumers such as dark color, bitter taste, and a coarse texture, which can
make food unpalatable [47]. Consumers like to be in full control of the food placed in their
mouth. In this context, food containing unexpected lumps or hard particles are usually
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rejected for fear of gagging or choking [48]. GF products lack of many important nutri-
ents including dietary fibers because they are usually obtained from refined flour and/or
starches that are not enriched or fortified [46]. Buckwheat is a valuable source of fiber,
therefore, its incorporation in GF formulations is important and should be optimized. The
present findings indicate that texture properties of both conventional and GF formulations
added with buckwheat should be improved by reducing particles size thus making the
matrix more uniform and palatable.

 
(a) 

(b) 

Figure 4. Scores (a) and loadings (b) plots obtained by the Partial Least Square Regression (PLSR)
model of the six gnocchi samples based on CATA questions, technological variables, and liking.

4. Conclusions

The addition of 20% of rice and buckwheat whole meal flour both to conventional
and gluten free gnocchi caused important changes in the nutritional, technological, and
sensory properties of the cooked products. Rice flour addition highly modified GF pasta
structure, increasing solid loss in cooking water and reducing product firmness, while
the same flour added to conventional gnocchi determined a limited increase of cooking
losses and a lower softening after cooking and a higher appreciation, though an excessive
stickiness represented the main defect.
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Buckwheat addition has allowed for a fiber content in both conventional and GF
gnocchi higher than 3% and, thus, the possibility to report on the label the nutritional claim—
“Source of fiber”—in accordance with the European Regulation 1924/2006. Furthermore,
cooking losses were not affected by buckwheat addition indicating a better texturizing
capacity in comparison to rice. On the other hand, great attention has to be paid to
the particle size of wholemeal buckwheat as a high number of particles greater than
500 μm (mainly derived from the seed coat grinding) produces negative sensations in the
consumers, thus reducing the product acceptability.
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Abstract: Grape pomace powder (GPP), a by-product from the winemaking process, was used to
substitute flour for wheat bread fortification within 0, 5, and 10 g/100 g. Rheological properties of
control and fortified doughs, along with physicochemical and nutritional characteristics, antioxi-
dant activity, and the sensory analysis of the obtained bread were considered. The GPP addition
influenced the doughs’ rheological properties by generating more tenacious and less extensible
products. Concerning bread, pH values and volume of fortified products decreased as the GPP
inclusion level increased in the recipe. Total phenolic compounds and the antioxidant capacity
of bread samples, evaluated by FRAP (ferric reducing ability of plasma) and ABTS (2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid)) assays, increased with GPP addition. Moreover, the GPP
inclusion level raised the total dietary fiber content of bread. Regarding sensory evaluation, GPP
fortification had a major impact on the acidity, the global flavor, the astringency, and the wine smell
of bread samples without affecting the overall bread acceptability. The current results suggest that
GPP could be an attractive ingredient used to obtain fortified bread, as it is a source of fiber and
polyphenols with potentially positive effects on human health.

Keywords: bread fortification; grape pomace; agro-industrial by-products; antioxidant activity;
phenolic compounds; sensory analysis

1. Introduction

White wheat bread is a worldwide staple food, rich in complex carbohydrates (i.e.,
starch) and generally poor in dietary fiber and other micro-and macronutrients [1]. How-
ever, consumer demand for healthy and high-nutritional-value foods is increasing, and
this phenomenon has attracted the attention of food manufacturers.

Specifically, the UN has set new challenges that must be achieved by the human
population. Among the 17 extremely important goals of Agenda 2030, “Responsible
consumption and production” and “Health and well-being” are reported. Particularly,
the division between economic growth and environmental depletion, the enhancing of
resource efficiency, and the promotion of sustainable lifestyles should be the starting point
of ecofriendly consumption and production [2].

Grape pomace (GP), the main residue from the winemaking process, represents a
promising by-product. It has been evaluated that 17 kg of GP is discarded for about
every hectoliter of wine produced [3]. So, GP, in terms of a sustainable economy, is
a putative ingredient to reduce industrial waste and to promote economic profit. In
addition, GP contains several bioactive compounds, such as polyphenols and dietary fibers,
known for their healthy properties [4,5]. Several epidemiological studies on human health
have underlined the beneficial role of phenolic compounds in the prevention of several
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diseases [6–8]. In addition, a greater consumption of dietary fiber could reduce the risk
associated with the incidence of certain forms of cancer and the development of diabetes.
Additionally, dietary fiber improves the bowel transit of feces and the feeling of satiety,
reduces blood cholesterol levels, and prevents obesity [9–12]. However, the recommended
intakes (25–30 g/day) are rarely reached by consumers, and market availability of fiber-
enriched or fortified foods can help them to achieve the correct daily intake [13].

From this point of view, white wheat bread could be a perfect target for GP fortifica-
tion [14–19]. In this context, it is well known that the addition of new ingredients in white
bread formulations generally leads to various changes in technological and nutritional
properties [20–22].

In a framework of developing innovative wheat-based bread, it is therefore essential to
assess both the nutritional and technological effect of emerging unconventional ingredients
following breadmaking. Then, innovative fortified food products must be subjected to a
sensory evaluation to verify their acceptability and to assess how the inclusion of a specific
ingredient could modify the sensory profile of the final food product [23].

In a previous study, Hayta et al. [24] concluded that GP powder inclusion significantly
contributed to the improvement of bread functional properties, evaluating the antiradical
activity, total phenolic content, physicochemical, textural, and sensory properties of the
obtained product. In fact, in a framework of developing innovative wheat-based bread, it is
essential to assess both the nutritional and technological effect of emerging unconventional
ingredients following breadmaking. Then, innovative fortified food products must be
subjected to a sensory evaluation to verify their acceptability and to assess how the inclusion
of a specific ingredient could modify the sensory profile of the final food product [23].
However, the inclusion of an ingredient rich in fiber could also strengthen the structure
of bread doughs, reducing the doughs’ extensibility and affecting the bread volume and
texture [25]. Therefore, this study, in addition to evaluating the effect of GP inclusion on
dough rheological properties, dealt with the investigation of technological, sensory, and
nutritional properties of bread fortified with increasing levels of GP.

2. Materials and Methods

2.1. Ingredients and Breadmaking

Common white wheat flour was kindly supplied by Macinazione Lendinara SpA
(Arcole, Italy). The wheat flour label detailed the following composition: fat 1.2 g/100 g,
total carbohydrates 71 g/100 g, protein 11 g/100 g, and dietary fiber 2.3 g/100 g.

Grape pomace (Vitis vinifera cv. Corvina) was kindly provided by Cantina Ripa
Della Volta (Verona, Italy). After alcoholic fermentation, GP was pressed and dried in
a vacuum oven (VD 115 Binder GmbH, Tuttlingen, Germany; 40 ◦C, 30 kPa) until the
final moisture content of 11.0 g water/100 g dry matter (DM) was reached. The dried
pomaces, without grape seeds, stems, and stalks, were ground (GM200 Retsch, Haan,
Germany) to a particle size of <200 μm. The GP powder (GPP) was preserved in vacuum
packaging at room temperature until analyzed or used for bread preparation as described
by Cisneros-Yupanqui et al. [26]. The chemical composition of the dried GPP was as
follows: crude protein: 11.19 ± 0.97 g/100 g DM; total dietary fiber: 52.3 ± 2.1 g/100 g DM;
ash: 4.17 ± 0.87 g/100 g DM.

Experimental recipes were obtained by replacing white wheat flour with 0, 5, and
10 g/100 g of GPP, obtaining GP0, GP5, and GP10 bread samples, respectively. The recipe
was based on 320 g of composite flours, 210 mL of tap water, 3 g of salt, 15 g of sugar, and
3.5 g of dried brewer’s yeast. The breads were prepared with a commercial breadmaking
machine (Panexpress 750 Metal, model 0132/00—Ariete, Italy). Doughs were mixed,
fermented for 39 min at 28 ◦C, and then baked at 170 ◦C for 65 min. For each formulation,
three different doughs (i.e., batches replicates) were made on the same day.
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2.2. Dough Characterization

A Brabender Farinograph (Brabender, Duisburg, Germany) was used to evaluate the
dough mixing properties (AACC method 54-21.02) [27]. Dough water absorption, stability,
development time, degree of softening (12 min after maximum), and quality number
were considered.

The viscoelastic behavior of the doughs was investigated using an alveograph (Chopin
Technologies, Villeneuve La Garenne, France) (AACC method 54-30) [27]. The parameters
recorded were deformation energy (W), tenacity (P), dough extensibility (L), swelling index
(G), and the curve configuration ratio (P/L ratio).

Start of gelatinization (◦C), gelatinization maximum (AU), and gelatinization temper-
ature (◦C) were analyzed using an amylograph (Brabender, Duisburg, Germany) (AACC
method 22-10) [27].

2.3. Bread Quality Characteristics
2.3.1. Water Activity, Moisture Content, Volume, Specific Volume, and Baking-Loss

The water activity (aw) of bread samples was measured with a Hygropalm HC2-
AW-meter (Rotronic Italia, Milano, Italy) at 23 ◦C, whereas the moisture content was
measured by the AACC method 44-15A [27]. The specific volume of the loaves (cm3/g) was
determined by seed displacement (AACC method 10-05.01) [27] for volume quantification
(cm3) and weight of samples (g). The baking-loss was determined as the differences in
mass between the dough and the baked loaves.

2.3.2. Texture Attributes of Bread Crumb

The texture attributes in terms of firmness of bread crumb were evaluated using a
texture analyzer (TVT-6700; Perten Instruments, Stockholm, Sweden) according to the
AIB standard procedure for bread firmness measurement [28]. The maximum peak force
of compression as bread firmness (N) was measured by a metal cylinder probe (25 mm
diameter). For each treatment, five measurements were done for each batch.

2.3.3. Proximate Composition of Breads

Dry matter (DM; method 930.15), ash (method 942.05), crude protein (method 976.05),
crude lipid (method 954.02 without acid hydrolysis), total starch (method 996.11, using
thermostable α-amylase (Megazyme cat. no. E-BSTAA) and amyloglucosidase (Megazyme
cat. no. E-AMGDF)), and total dietary fiber (method 991.43) were considered [29]. Free
sugars were assessed using the Megazyme assay kit K-SUFRG 06/14 (Megazyme, Wicklow,
Ireland). Batches were analyzed in triplicate.

2.3.4. Color Analysis

The color was measured by a reflectance colorimeter (illuminant D65) (Minolta
Chroma meter CR-300, Osaka, Japan) based on the color system CIE – L* a* b*. Anal-
yses were performed at five different points within the crumb and the crust area. Minolta
Equations (1) and (2) were used to calculate the total color difference (ΔE):

ΔE =

√
ΔL2 + Δa2 + Δb2 (1)

ΔL = (L − L0); Δa = (a − a0); Δb = (b − b0) (2)

where L, a, and b are the measured values of the bread fortified with grape pomace, and L0,
a0, and b0 are the values of the control bread.

2.3.5. Determination of Total Phenolic Compounds (TPC), FRAP, and ABTS Assays

The extraction was carried out by stirring 1 g of bread sample with 15 mL of MeOH:HCl
97:3 (v/v) for 16 h in the dark at room temperature [30]. Supernatants were collected
after centrifugation (3500× g for 10 min) and used for TPC, ABTS (2,2′-azino-bis (3-
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ethylbenzothiazoline-6-sulfonic acid)), and FRAP (ferric reducing ability of plasma) radical
scavenging activities determination. TPC determination was performed as described by
Simonato et al. [31]. Two hundred microliters of extracts were mixed at room temperature
with the same amount of Folin–Ciocalteau reagent. After 5 min, 4 mL of Na2CO3 (0.7 M)
and 5.6 mL of Milli-Q water were added. The absorbance was measured at 750 nm (ATi Uni-
cam UV2, Akribis Scientific, Cambridge, UK) after 1 h under stirring in the dark. The TPC
is expressed as milligrams of gallic acid equivalent (GAE) per gram of dry matter (DM).

The FRAP solution was prepared by mixing a sodium acetate buffer (300 mM, pH 3.6),
a FeCl3·6H2O solution (20 mM), and 10 mM of TPTZ solution in HCl 40 mM in a volume
ratio of 10:1:1. Then, 1.8 mL of FRAP reagent and 1 mL of Milli-Q water were mixed with
10 μL of the methanolic extract. The absorbance was measured at 593 nm after 10 min at
37 ◦C [32]. Quantification is expressed as micromolars of Trolox equivalent (TE) per gram
of DM.

The ABTS assay was performed starting from a stock solution of the radical cation
ABTS + obtained mixing 7 mM ABTS and 2.45 mM K2S2O8 (1:1 ratio) for 16 h at room
temperature in the dark. The stock solution was brought at an absorbance of 0.72 ± 0.2
at 734 nm by dilution in Milli-Q water. ABTS + diluted solution (9.8 mL) was mixed with
0.2 mL of the methanolic extract and stirred for 30 min. Absorbance was measured at
734 nm and the results are expressed as micromolars of Trolox equivalent (TE) per gram of
DM [33].

2.4. Sensory Evaluation of Breads

According to Quantitative Descriptive sensory Analysis (QDA), the sensory profile of
samples was analyzed as proposed by Vilanova et al. [34]. A trained sensory panel of 16
persons (10 females and 6 males) aged between 22 and 33 years, recruited from the staff and
students of the Department of Biotechnology of the University of Verona, was involved.
Panelists generated 18 sensory terms and were trained to recognize their intensities. Color
uniformity, porosity, crust thickness, fragrance, wine taste, yeast taste, global flavor, sweet-
ness, saltiness, acidity, bitterness, moisture of the crumb, crust hardness, adhesiveness,
grittiness, and astringency were considered as sensory attributes and evaluated using a
hedonic 9-point scale, where 1 and 9 indicate the lowest and the highest intensity, respec-
tively. For the sensory evaluation, samples were cut into 2 cm thick slices of about 10 g
for each sample (including crumb and crust) and placed on a covered plate. All the coded
samples were presented in a completely randomized and balanced order. Panelists also
commented on the overall acceptability: mean scores above 5 were considered acceptable
(neither like nor dislike).

2.5. Statistical Analysis

All data reported (i.e., mean values ± standard deviation) represent the means of at
least three measurements. Analysis of variance (ANOVA), with a post hoc Tukey test at
p < 0.05, was used for mean comparison. Statistical analyses were performed using the
software XLSTAT Premium Version (2019.4.2, Addinsoft SARL, Paris, France).

3. Results and Discussion

3.1. Effect of Grape Pomace inclusion on Dough Rheological Properties

The addition of GPP significantly influenced the dough technological properties
(Table 1). The amount of water absorbed by the doughs increased with the increasing levels
of GPP in the recipe, ranging from 55.50% to 60.03% for GP0 and GP10 dough, respectively
(p < 0.05). This increase is related to the higher dietary fiber content of the dough after GPP
addition, as observed by Mironeasa [35]. Further, dietary fiber is characterized by a high
number of hydroxyl groups which allow greater interactions with water molecules through
hydrogen bonds [36]. The dough development time and its stability are suitable indicators
of flour firmness, with higher values indicating a firmer dough. Compared to GP0, both
GP5 and GP10 doughs showed no change in the development time (being on average
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1.39 min; p > 0.05), while an increase in the stability was observed, ranging from 5.80 to
8.27, for GP0 and GP10, respectively (p < 0.05). Theoretically, the reduction in wheat gluten
proteins caused by the GPP inclusion would lead to a decrease in the dough strength. In
this case, the strength may have been enhanced by phenolic compounds of GPP, in line with
previous findings [37]. In particular, the condensed tannins of the GPP can interact mainly
with the glutenin fractions of wheat flour through hydrogen bonds and hydrophobic
interactions. Due to their longer and broader conformation, condensed tannins have better
access to the glutenin structure for noncovalent interactions with amino acid residues
compared with the globular gliadins [38]. A higher content of phenolic substances in
fortified dough samples could explain the reduction of the degree of softening [37], defined
as the difference between the value recorded at the peak and the value recorded after
12 min. Moreover, quality numbers of GP5 and GP10 sharply increased compared with
GP0, indicating a gain of flour ability in the production of doughs resistant to mechanical
stress, as seen by Davoudi et al. [39].

Table 1. Farinograph characteristics of dough supplemented with grape pomace powder.

Sample
Water Absorption

(%)
Stability

(min)
Development Time

(min)
Degree of Softening

(UB)
Quality Number

GP0 55.50 ± 0.00 a 5.80 ± 0.72 a 1.40 ± 0.10 a 76.33 ± 4.73 a,b 41.67 ± 13.05 a

GP5 56.80 ± 0.17 b 7.50 ± 0.00 b 1.37 ± 0.12 a 81.33 ± 6.03 a 80.33 ± 3.06 b

GP10 60.03 ± 0.46 c 8.27 ± 0.55 b 1.40 ± 0.10 a 67.00 ± 3.00 b 87.33 ± 6.51 b

Data with different letters in each column are significantly different for p < 0.05.

The alveograph results are presented in Table 2. The extensibility value (L) reveals
the ability of the dough to expand without breakdown, and it decreased following GPP
addition. This could be explained by the high fiber content of the GPP, which could
compete with the protein gluten for water absorption, forming a weaker gluten network,
thus resulting in lower extensibility [40]. The tenacity of the dough (P), which indicates
the gas-retaining ability of the dough, increased with the inclusion of GPP, ranging from
76.67 to 179.33 mm for GP0 and GP10, respectively, (p < 0.05). This can be related to the
presence of stronger interactions between polysaccharides and the gluten proteins [40].
The P/L ratio is an index used for the gluten behavior. The addition of GPP significantly
increased the P/L of the doughs. This could be caused by a strong interaction between
cellulose contained in the fiber fraction and the flour protein, as already reported by Fendri
et al. [41]. In particular, the P/L values were always above the range recommended for
bakery leavened products, which should not be higher than 2 [42]. The G value (the size
of bubbles after air insufflation) was significantly higher in GP0 dough than GP5 and
GP10, whereas the deformation energy (W), described as the area under the curve of the
alveogram, decreased in fortified dough samples due to the higher P and lower L values.
Similar results were obtained in doughs containing different amounts of almond skin
powder and in dough with barley husk powder [43,44].

Table 2. Alveograph characteristics of dough supplemented with grape pomace powder.

Sample
L

(mm)
P

(mm)
P/L

G
(cm3)

W
(10−4 J)

GP0 106.33 ± 11.72 a 76.67 ± 4.51 a 0.73 ± 0.12 a 22.97 ± 1.29 a 268.67 ± 8.62 a

GP5 30.00 ± 1.00 b 165.33 ± 4.62 b 5.52 ± 0.32 b 12.20 ± 0.20 b 222.67 ± 3.51 b

GP10 15.33 ± 1.15 c 179.33 ± 9.02 b 11.75 ± 1.12 c 8.70 ± 0.35 c 118.33 ± 11.72 c

Data with different letters in each column are significantly different for p < 0.05.

The incorporation of GPP significantly affected the gelatinization maximum of the
dough (Table 3), defined as the maximum viscosity reached. Viscosity increased in GP5
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and GP10 doughs compared with GP0 dough, as observed in doughs enriched with white
grape peel flour of different particle sizes [45]. This result could be associated with polymer
complexes from mixing derived from interactions between fiber and amylose and low-
molecular-weight amylopectin chains [46]. Moreover, starch may have been exposed to
a faster gelatinization process, leading to higher water absorption from dietary fiber of
GPP [35]. On the contrary, the addition of GPP had no effect on the starting temperature of
starch gelatinization and the gelatinization temperature at maximum viscosity.

Table 3. Amylograph characteristics of dough supplemented with grape pomace powder.

Sample
Gelatinization Maximum

(AU)
Start of Gelatinization

(◦C)
Gelatinization Temperature

(◦C)

GP0 1301.67 ± 17.56 a 64.00 ± 0.87 a 92.30 ± 0.75 a

GP5 1831.67 ± 42.52 b 64.00 ± 0.87 a 93.30 ± 0.52 a

GP10 1943.33 ± 11.55 c 64.50 ± 1.50 a 93.70 ± 0.75 a

Data with different letters in each column are significantly different for p < 0.05.

3.2. Physiochemical Characterization of Grape Pomace Powder and Breads

The moisture content, aw, and pH values of GPP were respectively 6.17 ± 0.09 g/100 g
DM, 0.33 ± 0.01, and 3.39 ± 0.01.

Technological properties and chemical values of breads in terms of water activity, mois-
ture content, pH, volume, and specific volume along with the firmness values are reported
in Table 4. The aw, moisture content, and baking-loss of GP0, GP5, and GP10 samples
showed no statistical differences, in contrast with other research work on bread fortification,
where the moisture content generally increased with the degree of fortification [47–49].
The pH value decreased significantly in GPP-fortified bread samples compared with the
control. Evidently, GPP inclusion lowered the pH in fortified bread samples, according to
other researchers [37,50].

Table 4. Water activity, moisture content, pH, volume, and specific volume along with the firmness values and baking-loss
of control bread (GP0) and bread fortified with grape pomace powder (GP5 and GP10).

Sample
Water

Activity

Moisture
content

(%)
pH

Volume
(cm3)

Specific
Volume
(cm3/g)

Firmness (N)
Baking-Loss

(%)

GP0 0.96 ± 0.01 a 43.47 ± 0.42 a 5.73 ± 0.38 a 2623 ± 52 a 5.52 ± 0.11 a 1.0 ± 0.10 a 13.87 ± 0.00 a

GP5 0.97 ± 0.00 a 41.46 ± 1.71 a 4.44 ± 0.03 b 1691 ± 104 b 3.59 ± 0.27 b 21.8 ± 1.44 b 14.51 ± 1.92 a

GP10 0.97 ± 0.01 a 40.58 ± 3.70 a 3.98 ± 0.01 c 1334 ± 63 c 2.82 ± 0.13 c 23.2 ± 1.65 c 14.05 ± 0.77 a

Data with different letters in each column are significantly different for p < 0.05.

The leavening capacity and volume of bread depend on several factors such as the
kneading condition, leavening time, rheology of the dough, type of ingredients, tempera-
ture, and type of yeast used. Inducted acidic conditions and the consequent increase in
the number of positive charges in the doughs may have altered the gluten network of the
samples, leading to the unfolding of gluten proteins [51]. Such structural changes would
lead to a less extensible and more tenacious dough in fortified samples, as seen in alveo-
graphic and farinographic results, and finally, to a reduction of volume and specific volume
(Figure 1). Moreover, acidic conditions could promote the gluten proteins’ solubilization
and, thus, the instability of the gluten network [52]. Indeed, endogenous proteases from
wheat flour work better at a low pH and this could intensify gluten proteolysis, especially
of GMP (glutenin macropolymer) [51].
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Figure 1. (a) Crust side of bread samples; (b) crumb side of bread samples. Control bread (GP0) and bread fortified with
grape pomace powder (GP5 and GP10).

In particular, Saccharomyces cerevisiae, responsible for dough leavening, is reported
to have an optimal pH growth rate ranging between 4 and 6. Nevertheless, low pH
conditions could provide a more stressful environment, thus reducing the yeast activity [53].
According to Fu et al. [54] and Seczyk et al. [55], the bread volume decreased with the
increase of the fortification level. In addition, the substitution of wheat flour with a high-
dietary-fiber ingredient such as GPP in bread formulation could have impaired the volume
of the samples. In particular, dietary fiber constitutes about 52% of GPP and can subtract
water to starch granules and protein networks, affecting the overall capacity of the gluten
network to retain gas bubbles [54]. High-dietary-fiber ingredients can also have a negative
role on kneading by impairing air inclusion, as well as gaseous release and distribution,
with a negative effect on the leavening capacity [56]. Finally, the inhibition of amylase
should be also considered. Indeed, polyphenols may interact and inhibit amylase, thus
contributing negatively to starch hydrolysis and to the maltose accessibility for yeasts
and influencing the volume growth during the leavening stage, as suggested by other
researchers [9,37].

The firmness of bread crumb increased with the increasing level of GPP, ranging from
1.0 to 23.2 N for GP0 and GP10, respectively (p < 0.05). These results appear consistent with
those previously reported for dough and bread quality attributes. The addition of GPP
may have caused a weak gluten network formation with poor gas retention ability, thus
contributing to the hardening effect of bread crumb. The present findings are in agreement
with Sui et al. [57], where an increase in hardness was reported in wheat-based bread
crumb with increasing levels of an anthocyanin-rich black rice extract powder. Similar
results have also been reported in breads formulated with increasing levels of dietary fiber
extracted from culinary banana bract [58].

3.3. Chemical Composition of Breads

Among the samples, similar crude protein (being on average 12.2 g/100 g DM) and
free sugar (being on average 1.8 g/100 g DM) contents were recorded (Table 5). On the
contrary, the inclusion of a higher level of GPP caused a decrease in the total starch content
(ranging from 85.5 to 75.3 g/100 g DM for GP0 and GP10, respectively; p < 0.05) and an
increase in the total dietary fiber content (from 2.8 to 6.3 g/100 g DM for GP0 and GP10,
respectively; p < 0.05). The different chemical compositions of the selected ingredients, as
well as their inclusion level, can explain the present findings. Similar results have already
been reported in baked foods containing GPP at different inclusion levels [50]. In addition,
from a nutritional standpoint, the GP10 bread can be considered a food product high
in dietary fiber, having a total dietary fiber content higher than 6 g/100 g. Higher total
dietary fiber intake can prevent certain chronic diseases such as diabetes, obesity, and
hypertension [59].
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Table 5. Chemical composition (g/100 g dry matter) of experimental breads formulated with increasing levels of grape
pomace powder (GPP) in the recipe.

Sample
Crude
Lipid

Crude Protein
Total

Starch
Total Dietary Fiber Ash Free Sugars

GP0 0.12 ± 0.05 a 12.4 ± 0.05 a 85.5 ± 2.82 c 2.8 ± 1.00 a 1.0 ± 0.01 a 1.6 ± 0.02 a

GP5 0.50 ± 0.22 b 12.3 ± 0.13 a 82.9 ± 0.89 b 3.9 ± 0.74 b 1.1 ± 0.01 a 1.8 ± 0.03 a

GP10 0.87 ± 0.06 b 12.1 ± 0.03 a 75.3 ± 1.95 a 6.3 ± 1.07 c 1.4 ± 0.02 b 1.9 ± 0.03 a

Data with different letters in each column are significantly different for p < 0.05.

3.4. Color Analysis

The change in color of crumb and crust of breads fortified with increasing levels of
GPP is summarized in Table 6. In the control bread (GP0), the crust color was darker than
the crumb due to different Maillard and caramelization reactions [60]. The GPP inclusion
reversed this trend because of the GPP-darkened color parameters. According to Hayta
et al. [24] and Nakov et al. [50], GPP inclusion caused a significant reduction in brightness
(L*) in samples GP5 and GP10, both in the crumb and the crust. As expected, an increase in
the a* parameter was evident according to the GPP increment in the bread crumb, while an
opposite trend was observed in the crust. This could be due to the fact that anthocyanins,
responsible for the red GPP pigmentation, are less degraded in the crumb since it undergoes
lower heat treatment and maintains a higher moisture level than the crust [61]. Finally, a
significant decrease in the b* parameter was observed with the progressive supplement of
GPP in both crumb and crust. The total color difference (ΔE) is generally used to describe
the color variation. The ΔE values revealed that GP5 and GP10 led to high color variation
as the concentration of added GPP increased. This trend was observed both in the crumb
and the crust but was less pronounced in the latter.

Table 6. Color analysis of bread samples expressed as L*(lightness), a* (red/green), and b* (blue/yellow) values. ΔE (total
color difference)

Sample
Crust

ΔE
Crumb

ΔE
L* a* b* L* a* b*

GP0 59.92 ± 1.07 a 6.90 ± 0.59 a 27.71 ± 1.13 a nd 64.78 ± 1.03 a 1.70 ± 0.28 a 28.70 ± 1.41 a nd
GP5 55.47 ± 0.39 b 5.71 ± 0.47 b 13.84 ± 0.28 b 14.61 48.34 ± 0.58 b 4.25 ± 0.56 b 17.45 ± 0.91 b 20.08

GP10 52.25 ± 0.65 c 4.62 ± 0.39 c 11.28 ± 0.16 c 18.28 47.43 ± 0.08 b 5.89 ± 0.06 c 14.74 ± 1.16c 22.66

Data with different letters in each column are significantly different for p < 0.05. nd (not determined).

3.5. Polyphenols and Antioxidant Activity

In the present study, the total polyphenol content (TPC) and antioxidant activity of
GPP and fortified bread samples were tested. GPP achieved a TPC value of 15.02 ± 0.63 mg
GAE/g DM, while the antioxidant activity, assessed by FRAP and ABTS, resulted in
248.74 ± 9.53 μM TE/g DM and 213.53 ± 10.16 μM TE/g DM, respectively.

The TPC and both antioxidant tests increased significantly in fortified bread GP5 and
GP10 compared with the control bread GP0, with high correlation coefficients between
them (r = 0.999 CPT vs. FRAP and r = 0.979 CPT vs. ABTS) (Table 7). The TPC increased
3.5-fold and 7-fold as GPP replacement increased from 0% to 5% and from 0% to 10%,
respectively. Slightly lower increases were observed by Hayta et al. [24], with 1.9-fold
and 2.5-fold for the same GPP inclusion levels reported in this study. However, Hoye
and Ross [62], with a substitution of 10% wheat flour by grape seed flour, reported a
20-fold increase. These discrepancies could be explained by the grape variety and the
presence/absence of grapeseed flour in the dried GP [37].
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Table 7. Total phenolic compounds (TPC) and antioxidant activity (FRAP and ABTS) of control bread (GP0) and bread
fortified with different percentages of grape pomace (GP5 and GP10).

Sample
TPC

(mg GAE 100g−1 DM)
FRAP

(μM TE 100 g−1 DM)
ABTS

(μM TE 100g−1 DM)

GP0 29.08 ± 1.45 a 199.72 ± 9.69 a 240.00 ± 7.90 a

GP5 101.5 ± 7.68 b 795.26 ± 63.11 b 999.50 ± 24.78 b

GP10 207.06 ± 9.25 c 1577.39 ± 87.20 c 1540.83 ± 47.45 c

Values with different superscripts within the same column are significantly different for p < 0.01.

3.6. Sensory Evaluation

Substitution of wheat by GPP significantly influenced most of the selected sensory
attributes (Figure 2). In terms of appearance, GPP inclusion significantly affected color
uniformity, porosity, and crust thickness. In particular, crust thickness decreased as the
fortification level increased. As for the aroma, increasing the amount of GPP in the dough
significantly decreased the overall intensity of fragrance, defined as the characteristic bread
scent. Instead, as expected, the wine smell significantly increased as the GPP inclusion
increased. GPP inclusion also significantly affected the taste and flavor of the bread: in
particular, the global flavor and acidity increased significantly with the GPP inclusion, while
the sweet taste was reduced by the GPP inclusion. In terms of texture and tactile sensations,
GPP fortification significantly influenced the crumb moisture, the crust hardness, the
grittiness, and the astringency. Finally, the GPP addition did not have a significant impact
on the overall acceptability of the product. Indeed, the overall acceptability recorded was
6.53 ± 1.62 for GP0 bread, 6.65 ± 1.69 for GP5, and 5.59 ± 2.12 for GP10. In all the samples,
the threshold value of 5 was exceeded. Likewise, Walker et al. [63] reported that bread
fortified with 10% of pinot noir grape pomace was acceptable by consumers, while an
inclusion of 5% was the highest fortification level for bread made with grape seed flour [62].

Figure 2. Sensory profile of quality attributes of bread fortified with different grape pomace levels
(GP0 black line; GP5 gray line; GP10 light gray line). Sensory attributes were evaluated using a
hedonic 9-point scale, where 1 and 9 indicate the lowest and the highest intensity, respectively.

4. Conclusions

The outcomes of our research show that GPP inclusion influences the technological,
nutritional, and organoleptic properties of both dough and bread. GPP addition improved
water absorption and quality number and reduced the softening degree of doughs without
affecting the time and temperature of gelatinization. Moreover, GPP increased the tenacity
and P/L ratio but lowered the extensibility, G value, deformation energy (W), specific
volume, and pH of bread samples. GPP inclusion modified the chemical composition
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of bread along with the color parameters. As expected, incremental addition of GPP
resulted in a significantly higher amount of TPC in bread samples and allowed increasing
antioxidant activity in GP5 and GP10 compared with the control. Finally, although GPP
inclusion significantly influenced aroma, taste, appearance, and flavor, a nonsignificant
impact on the overall acceptability of the fortified products was observed. In conclusion,
GPP represents a suitable ingredient for bakery purposes since it has a significant impact
on total dietary fiber as well as on the polyphenol content and antioxidant activity of the
fortified bread, achieving a similar acceptability score compared to traditional bread.
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Abstract: Due to its structural and organoleptic functions, sucrose is one of the primary ingredients of
many baked confectionery products. In turn, the growing awareness of the association between sugar
overconsumption and the development of chronic diseases has prompted the urgent need to reduce
the amount of refined sugar in foods. This study aimed to evaluate the effect of complete sucrose
replacement with inulin-type fructans (ITFs), namely fructooligosaccharide (FOS), inulin (INU) or
oligofructose-enriched inulin (SYN), with different degrees of polymerization on the technological
parameters and sensory quality of gluten-free sponge cakes (GFSs). The use of ITFs as the sole
sweetening ingredient resulted in the similar appearance of the experimental GFSs to that of the
control sample. In addition, all GFSs containing ITFs had similar height, while their baking weight
loss was significantly (p < 0.05) lower compared to the control products. The total sugar exchange
for long-chain INU increased the crumb hardness, while the crumb of the GFS with FOS was as
soft as of the control products. The sensory analysis showed that the GFS containing FOS obtained
the highest scores for the overall quality assessment, similar to the sugar-containing control sponge
cake. The results obtained prove that sucrose is not necessary to produce GFSs with appropriate
technological parameters and a high sensory quality. Thus, it can be concluded that sucrose can be
successfully replaced with ITF, especially with FOS, in this type of baked confectionery product.

Keywords: sucrose replacement; cake; dietary fibre; clean label; texture profile; sensory quality;
obesity; celiac disease

1. Introduction

Sugar is one of the primary ingredients of many baked confectionery products, including sponge
cakes [1]. Due to many functions critical to obtain the desirable structure and organoleptic properties,
sucrose is the most commonly used sugar. It imparts a clean, sweet taste appreciated by consumers,
and increases the temperature of starch gelatinization and egg protein denaturation, allowing gas
bubbles to expand before gel formation [2]. In addition, sucrose provides foam stability and extends
the cake shelf-life [1]. When exposed to the high temperature, sucrose degrades to fructose and
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glucose, which are the reducing sugars participating in the Maillard browning reactions. In turn, ample
studies have provided the evidence for the adverse effects of free sugars overconsumption on health,
in particular on the risk of development of non-communicable diseases [3], adverse changes in serum
lipids and blood pressure [4], and even cancer [5]. Recently, excessive sugar consumption has attracted
particular attention from researchers and epidemiologists, who perceive this phenomenon as a major
contributor to the rise in obesity prevalence [6–8].

The global prevalence of obesity has increased to pandemic proportions [9]. This worrisome
trend is progressively reported in subjects suffering from celiac disease (CD), which changes the
clinical picture of this disorder. Tucker et al. [10] found that at the time of diagnosis 44% of adult CD
were overweight, 13% were obese, whereas only 3% of them were underweight. Besides, endocrine
autoimmunity, particularly in type 1 diabetes, is prevalent among CD patients, approximating 5–7% [11].
The strict gluten-free diet (GFD) is the only available and effective CD therapy. However, health-care
professionals have problems with the optimal approach to treating CD in type 1 diabetes [12]. A GFD
alleviates the clinical symptoms and improves the health and nutritional status of CD patients over time.
On the other side, it is less clear if the strict adherence to the GFD is similarly important to asymptomatic
CD patients with concomitant type 1 diabetes [13], as there is scarce unbiased evidence regarding
the influence of a GFD in patients with both autoimmune diseases. Compared with a conventional
diet, a GFD is characterised with a lower content of proteins, essential vitamins (B12, D, and folate),
and minerals (iron, calcium, zinc) [14,15]. In turn, numerous studies have provided evidence for
nutrient imbalance resulting from the excessive consumption of hypercaloric and hyperlipidemic
packaged gluten-free foods [16]. Many gluten-free products are abundant in simple sugars and
saturated fats [17], which are added to improve their palatability and texture. In contrast, the GFD has
been reported to provide a lower than recommended intake of dietary fibre [18], having a negative
health consequence.

The growing awareness of the association between excessive sucrose intake and development of
chronic diseases has prompted an urgent need to reformulate foods to reduce the amount of refined
sugar. On the other hand, the numerous advantages and favourable functional properties of sucrose
make its total replacement a challenge. The 100% sugar removal caused readily detectable losses in the
appearance, texture, and mouthfeel of baked confectionery products [19]. The synthetic low-calorie
sweeteners have attracted consumers’ attention and became readily available [20]. However, apart from
the high-intensity sweetness, they usually do not provide other functionalities of sucrose necessary
to make high-quality cakes. In addition, their breakdown products have controversial health and
metabolic effects [21,22].

Recently, there has been an increasing consumer interest in foods of superior quality made from
natural ingredients providing functional characteristics while having a reduced sugar content and a
lower energy value. As sucrose—being a principal cake ingredient—cannot be easily substituted only by
intense sweeteners, several studies have explored the application of natural bulking agents, including
dietary fibres, in combination with sweeteners in different cake formulations. Psimouli et al. [2]
investigated whether oligofructose, polydextrose, and polyols can replace sugar in cake formulations
and showed that oligofructose, lactitol, or maltitol exhibited behaviour similar to sucrose in terms
of their influence on batter rheology. To evaluate whether steviol glycosides could partially replace
sucrose in bakery products, Zahn et al. [23] produced muffins where 30% sucrose was replaced with
rebaudioside A together with several fibres and indicated that a mixture of inulin or polydextrose
with steviol glycosides resulted in products with characteristics similar to those of the control muffins.
Similarly, Gao et al. [24] used inulin (Frutafit IQ, DPav 5–7, Sensus, Roosendaal, The Netherlands)
and stevianna as sucrose substitutes in muffin formulation. They pointed out that the replacement of
50% sugar resulted in muffins having texture, firmness, and springiness similar to these of the control
products, while the increased additions of stevianna or inulin had a negative effect on muffin firmness.

In order to fulfil the demand for healthier sponge cakes, studies on sucrose replacement/reduction
have been carried out and the use of dietary fibres in combination with sweeteners was proposed.
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Ronda et al. [19] analysed the effects of total sugar substitution with polysaccharides, oligofructose,
and polydextrose, in combunation with polyols on the quality of sponge cake. They indicated that the
fresh sponge cakes with polyols and oligosaccharides generally had significantly softer crumb than the
control ones; however, the use of oligofructose (Raftilose P-95, Orafti Active Food Ingredients, Oreye,
Belgium) caused crust darkening and an increase in crumb firmness during storage. A recent study
by Garvey et al. [25] has explored the impact of partial (30%; w/w) sucrose replacement with natural
sweetening ingredients, including oligofructose, in sponge cakes and showed that in comparison to
control sample, the formula with oligofructose was not significantly different in terms of the liking of
colour, odour, flavour, texture, and overall liking.

To successfully exchange sucrose in the already challenging gluten-free system [26] and obtain
a desirable structure and organoleptic properties, the sugar replacing ingredient must exhibit the
ability to mimic the functionality of sucrose. Due to their sweetness and beneficial technological
and health-related properties, inulin-type fructans (ITFs) could be valuable ingredients of gluten-free
products [27,28]. Inulin-type fructans are plant natural storage carbohydrates that occur in many
edible fruits and vegetables, and in particularly large amounts in the tubers of Jerusalem artichoke
(Helianthus tuberosus) and chicory (Cichorium intybus). They can be divided into long-chain inulin and
short-chain fructooligosaccharides (FOS). The length of the chain determines the physicochemical
properties of ITFs [29]. Short-chain FOS (DP < 10) are more soluble and sweeter; therefore, they could
be used to improve the mouthfeel of low-caloric products [30], while inulin (DP > 10), due to its
lower solubility, higher viscosity and thermostability, could be used as a filler and fat-replacer [31].
Investigations showing the use of ITFs in the baked gluten-free products are scarce and mainly focused
on gluten-free bread. To the best of our knowledge, this work represents the first study on the ITFs
application as natural sugar alternatives in the gluten-free sponge cake formulation. The study aimed
to evaluate the effect of total sucrose replacement with the commercial ITFs of different sweetness
and degrees of polymerization, namely fructooligosaccharide, inulin, or oligofructose-enriched inulin,
on the mixing and pasting batter behaviour and the quality of gluten-free mini-sponge cakes (GFSs)
assessed based on selected technological parameters and sensory descriptors.

2. Materials and Methods

2.1. Ingredients of Gluten-Free Mini-Sponge Cakes

The ingredients used to make gluten-free mini-sponge cakes (GFSs) are shown in Table 1.
Potato starch (PPZ “Trzemeszno” Sp. Z o.o., Trzemeszno, Poland), corn starch (HORTIMEX, Konin,
Poland), and fresh eggs from the local supermarket were the main components. The remaining
ingredients were rapeseed oil “Kujawski” (ZT “Kruszwica” S.A., Kruszwica, Poland), gluten-free baking
powder (BEZGLUTEN, Koniusza, Poland), sugar, and salt.

Table 1. Composition of experimental gluten-free mini-sponge cakes.

Ingredient [%] Control FOS INU SYN

Potato starch 30.6 30.6 30.6 30.6
Corn starch 7.8 7.8 7.8 7.8

Egg 43.0 43.0 43.0 43.0
Sugar 14.0 - - -
FOS - 14.0 - -
INU - - 14.0 -
SYN - - - 14.0

Sunflower oil 3.7 3.7 3.7 3.7
Salt 0.2 0.2 0.2 0.2

Gluten-free baking powder 0.7 0.7 0.7 0.7

FOS—fructooligosaccharides; INU—inulin; SYN—oligofructose-enriched inulin.
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To produce experimental gluten-free mini-sponge cakes, sugar in the control GFS
composition was totally replaced with one of the three commercial inulin-type fructans (ITFs),
namely fructooligosaccharide (FOS) with DPav 2–8 and 30% sweetness compared to sucrose (Orafti® P95,
Beneo, Tienen, Belgium), inulin (INU) with DPav 8–13 and 10% sweetness compared to sucrose
(Frutafit HD, Sensus, Roosendaal, The Netherlands), or oligofructose-enriched inulin (SYN), which is a
mixture of oligofructose (DPav: 3–9) and inulin (DPav ≥ 10) at a specific ratio of 1:1, and ~25% sweetness
compared to sucrose (Orafti® Synergy 1, Beneo, Tienen, Belgium), according to product specification.

2.2. Preparation of Experimental Gluten-Free Mini-Sponge Cakes

Gluten-free mini-sponge cakes were prepared following the previously developed method [32].
Briefly, egg whites and salt were whisked (2 min) to form a foam in the stainless bowl in the mixer
(KitchenAid Professional K45SS, KitchenAid Europa, Inc., Brussels, Belgium). Then, egg yolks and
sugar (in the control GFS) or ITFs (in GFSs with ITFs) were added under continuous vigorous mixing
(3 min). Subsequently, starches, baking powder, and oil were added and mixed (3 min/minimal speed)
to obtain a smooth homogenous batter. The 30 g portions of batter were dosed into paper moulds
(diameter: 50 mm, high: 35 mm), that were put on a baking tray (arranged in three rows, each of
four GFSs) and baked at 180 ◦C for 25 min in an electric oven (AB model DC-21, SVEBA DAHLEN,
Fristad, Sweden). Baked GFSs were cooled for 1 h at the room temperature, then packed in a clip-on
polyethylene bags, and stored at room temperature pending further analysis. The baking weight loss
and height determinations, and instrumental colour analysis of GFSs were performed after cooling
(1 h at room temperature), while texture profile and sensory analysis were performed on GFSs stored
for 1 day under the described conditions.

2.3. Pasting Behaviour of Batters for Gluten-Free Mini-Sponge Cakes over Heating-Cooling Cycles Determined
with the Rapid Visco Analyser (RVA)

The viscosity of batters for gluten-free mini-sponge cakes over heating-cooling cycles was
evaluated using a Rapid Visco Analyser (RVA-4800; Perten Instruments, Madrid, Spain). The GFS
batters were prepared according to the formula presented in Table 1, with the exception that fresh
eggs were replaced with whole egg powder (EPSA Additivos Alimentarios, Valencia, Spain) to avoid
the variability that the fresh eggs could introduce in a collaborative project. The 8 g batter samples
were dispersed in distilled water (12 mL). The obtained suspensions were stirred for 1 min at 600 rpm
at 30 ◦C. After that time, the temperature rose to 95 ◦C at a rate of 12 ◦C min−1. The sample was
maintained for 30 s at 95 ◦C, cooled to 50 ◦C at a rate of 12 ◦C min−1, and finally maintained for 2 min
at 50 ◦C. The onset temperature (◦C), peak temperature (◦C), peak viscosity (PV, cP), hot paste viscosity
(HPV; cP), breakdown (PV-HPV; cP), cold paste (final) viscosity (CPV; cP), and setback (CPV-HPV; cP)
were recorded. The experiments were conducted in triplicate.

2.4. Characteristics of Gluten-Free Mini-Sponge Cakes

2.4.1. Physical Parameters

The weight of GFSs was measured using a digital balance. The height of GFSs was measured at
the highest point of the product using a digital calliper. Baking weight loss (WL) was calculated as the
ratio between the weight of batter and the weight of the baked and cooled GFS (Equation (1)):

WL (%) =
(a− c) × 100

a
(1)

where:
a—the weight of batter in the mould before baking (g),
c—the weight of baked and cooled GFS (g).
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2.4.2. Texture Profile Analysis

Textural properties of experimental GFSs were assessed 24 h after baking. The samples were
removed from clip-on bags just before testing. Like in the previous study [32], the GFSs were cut
horizontally at the height of the mould to form a flat surface. The texture profile analysis (TPA) was
performed on the 2 cm-high lower part whereas the upper part was discarded. Hardness, springiness,
gumminess, chewiness, cohesiveness, and resilience were determined using a TA.HD Plus Texture
Analyser (Stable Micro Systems Ltd., Godalming, UK) equipped with a 5-kg load cell. The sample
was placed centrally under an AACC 36-mm cylinder probe with radius (P/36R). The GFS sample was
compressed at a constant rate of 1.0 mm s−1 at a distance of 5 mm. The probe holds at this distance for
30 s and then withdraws from the sample and returns to its starting position. Each type of GFSs was
tested in six replications.

2.4.3. Instrumental Colour Analysis

The instrumental measurements of the crust and crumb colour of GFSs were made using a
HunterLab ColorFlex (Hunter Associates Laboratory, Inc., Reston, VA, USA). The measurements were
performed through a 3-cm-diameter diaphragm containing an optical glass. The results were expressed
in accordance with the CIELab system. The parameters determined were L* (L* = 0 (black) and
L* = 100 (white)), a* (+a* = redness and −a* = greenness), and b* (+b* = yellowness and −b* = blueness).
Values were the mean of at least six replicates.

The whiteness index (WI) of the crumb [33] was calculated according to Equation (2):

WI = 100 −
√
(100− L∗)2 + a∗2 + b∗2 (2)

The browning index (BI) of the crust [34] was calculated according to Equations (3) and (4):

BI =
100 × (x− 0.31)

0.17
(3)

where:
x =

a∗ + 1.75L∗
5.645L∗ + a∗ − 3.012b∗ (4)

The ΔELab difference between two colours [35] was calculated according to Equation (5):

ΔELab =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2 (5)

2.4.4. Evaluation of Early, Advanced, and Final Stage of the Maillard Reaction

The content of available lysine, as an indicator of the early stage of the Maillard reaction, was
determined according to the method described by Michalska et al. [36]. Exactly 50 μL of a sample,
100 μL of o-phthaldialdehyde reagent, and 100 μL of water were added to wells and incubated
for 3 min (96-well microplate; Porvair Sciences, Norfolk, UK). Then, fluorescence was measured at
λextinction = 340 nm and λemmision = 455 nm using a microplate reader (Infinite® M1000 PRO, Tecan,
Switzerland). The quantitative analysis was performed according to the external standard method,
employing a calibration curve of Nα-acetyl-L-lysine ranging from 10 to 250 μM. The content of free
intermediate compounds (FIC) was determined after sample extraction with 6% sodium dodecyl
sulfate and then their fluorescence was recorded in a microplate reader (Infinite® M1000 PRO, Tecan,
Switzerland) setting at λextinction = 347 nm and λemmision = 415 nm. Tryptophan fluorescence (TRP) was
measured at λextinction = 290 nm and λemmision = 340 nm. Results are expressed as fluorescence intensity
(FI) per mg of sample dry matter. The FIC and FAST (fluorescence of advanced MRPs and tryptophan)
index were calculated as recently reported by Zieliński et al. [37]. The FAST index data were expressed
as a percentage (%). The formation of brown pigments (melanoidins) was estimated as reported in
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detail by Zieliński et al. [37]. Results were expressed as arbitrary absorbance units. All measurements
were performed in triplicate.

2.4.5. Sensory Evaluation

A six-member expert panel (five women and one men) previously selected and trained according
to ISO guidelines [38] evaluated the sensory characteristics of experimental GFSs 24 h after baking.
The assessors were not CD patients but were familiar with gluten-free products and have been aware
of tasting starch-based gluten-free sponge cake. A quantitative descriptive analysis (QDA) [39] was
applied to assess the sensory characteristics of the experimental GFSs. Before the analysis, vocabularies
of the sensory attributes were developed by the panel in a round-table session, using a standardised
procedure [40]. Thirteen attributes were evaluated (Table 2). The assessors evaluated the intensity
perceived for each sensory attribute on unstructured graphical scales. The scales were 10 cm long
and verbally anchored at each end, and the results were converted to numerical values (from 0 to
10 arbitrary units) by a computer. The experimental GFS samples were coded with a three-digit number
and presented to the assessors all together in a random order in transparent plastic boxes. The sensory
evaluation was carried out in a sensory laboratory room, which fulfils the requirements of the ISO
standards [41], under normal lighting conditions at room temperature. To minimise residual effects,
bottled mineral water was suggested to drink between each sample evaluation. The results were
collected using a computerised system ANALSENS (IAR & FR PAS, Olsztyn, Poland). GFSs were
tested in two replications.

Table 2. Sensory attributes, their definitions, and scale edges used in the quantitative descriptive
analysis (QDA) of gluten-free mini-sponge cakes.

Attribute Definition Scale Edges

Appearance

Creamy colour colour intensity (colour intensity according to colour
pattern RAL 075 90 20—scale value 5) light–dark

Pore collocation a visual impression of the arrangement of crumb pores irregular–regular
Pore dimension a visual impression of the size of crumb pores small–big

Aroma
Sponge cake the typical odour of sponge cake none—very intensive

Sweet aroma typical of sweet baked products from
wheat flour none—very intensive

Taste
Sponge cake as the corresponding odour (measured in the mouth) none—very intensive

Sweet basic taste (3% sucrose dissolved in water) none—very intensive
Aftertaste lingering sensation after swallowing the sample none—very intensive

Texture
(manual) Elasticity the extent to which a piece of product returns to its

original length when pushed by a finger small–big

Texture
(in mouth)

Crustiness degree of friability released by the sample small–big

Chewiness the multiplicity of chewing the product to prepare it
to swallow low–high

Adhesiveness degree of adhesiveness perceived while chewing the
sample 10 times low–high

Overall quality overall quality including all attributes and their
harmonisation low–high

2.5. Statistical Analysis

The data reported in all the tables are mean values and standard deviations of triplicate observations
unless otherwise stated. The differences between experimental GFSs were analysed by a one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison test (p < 0.05) using GraphPad Prism
version 8.0.0 for Windows, GraphPad Software (San Diego, CA, USA).
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3. Results and Discussion

3.1. Pasting Behaviour of Batters for Gluten-Free Mini-Sponge Cakes

The analysis of the pasting properties of gluten-free batters is essential in developing high-quality
gluten-free products as it provides information about the changes in paste viscosity behaviour with
changes in temperature [32,42]. Changes in the pasting of experimental GFS batters recorded as
alterations in batter viscosity due to swelling and pasting of starch granules are shown at the RVA
plots (Figure 1). In general, the shapes of RVA plots for the control GFS batter (containing sugar)
and batters with ITFs (FOS, INU, SYN) did not differ meaningfully at the mixing and initial heating
stage (Figure 1) where all pasting curves were characterised with an initial plateau. During this short
period, the viscosity of all experimental GFS batters was similarly low. At this stage, the hydration of
potato and corn starch granules took place and increased gradually due to the available water that
penetrates into the starch’s interior. The minimal swelling of starch granules could be observed at these
temperature conditions (below 50 ◦C) [43]. Additionally, at the pasting stage, the behaviour of GFS
batters could be affected by egg proteins present in the system [44].

Figure 1. Effect of sucrose replacement with inulin-type fructans (ITFs) on plots of the viscometric profile
recorded with the rapid viscoanalyser. FOS—gluten-free mini-sponge cake with FOS; INU—gluten-free
mini-sponge cake with inulin; SYN—gluten-free mini-sponge cake with Synergy 1.

Subsequently, as the temperature rose, a sudden increase was recorded in the viscosity of all
analysed GFS batters that was observed as a high, sharp, and narrow peak (Figure 1). The starchy
ingredients absorbed water available in the batter environment and swelled progressively upon
water presence and heat. In all analysed GFS samples, regardless of the presence of sugar (control)
or ITFs, excessive expansion of starch granules led to an increase in viscosity up to the maximum
apparent viscosity, the so-called peak viscosity (PV). The experimental GFS batters achieved the
PV at similar temperature and time (Table 3). Therefore, despite differences in their dextrin chain
length, no significant differences were observed in the peak viscosity between the batters. In the next
step, when the temperature was constant (95 ◦C) for 30 s, a substantial reduction in the apparent
viscosity of GFS batters was detected (Figure 1) that was determined as the breakdown. Breakdown
viscosity is defined as a difference between PV and hot paste viscosity (HPV) and illustrates the
ability of the starch to withstand shear stress and heating. Generally, the observed changes were a
consequence of the physical breakdown of the starch granules that was accompanied by viscosity
decrease. Sugar substitution with ITFs affected this parameter differently; a significant (p < 0.05)
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reduction was determined in HPV (Table 3), particularly when sucrose was exchanged with FOS
and Synergy 1. ITFs with intermediate degrees of polymerization led to the higher breakdown;
it is likely that those dextrins affect the amylose leaching that accompanied the gelanization process.
In the last stage of the RVA analysis, the final viscosity, determined as cold paste viscosity (CPV),
and setback were determined. These parameters reflect the ability of the starch polymers to re-organise
when the temperature decreases. The setback viscosity of all experimental GFS batters increased
(Table 3), that is commonly related to the crystallisation of the amylose chains, but also to the effect
of denatured protein [44]. In comparison with the control batter, the value of setback recorded for
the batters containing ITFs was significantly (p < 0.05) lower (Table 3), suggesting the lower degree
of amylose chains crystallisation. The applied ITFs are soluble fibres, however, they differ in chain
length, with inulin having the longest chain. That is why the applied ITFs affected the batter pasting
characteristics to a different extent.

Table 3. Effects of sucrose replacement with ITFs on the Rapid Visco Analyser (RVA) parameters of
batter of gluten-free mini-sponge cakes.

Control FOS INU SYN

Onset temperature (◦C) 1 64 ± 1 ab 64 ± 1 a 63 ± 1 b 64 ± 1 a

Peak temperature (◦C) 77 ± 1 77 ± 1 76 ± 1 77 ± 1
Peak viscosity PV (cP) 3937 ± 16 4014 ± 80 3975 ± 122 3973 ± 54

HPV (cP) 1856 ± 15 a 1648 ± 54 b 1808 ± 43 a 1633 ± 61 b

Breakdown (cP) 2080 ± 1 b 2366 ± 26 a 2167 ± 84 b 2339 ± 15 a

Final CPV (cP) 2846 ± 50 a 2253 ± 68 c 2445 ± 67 b 2265 ± 57 c

Setback (cP) 991 ± 64 a 605 ± 14 c 637 ± 30 b 632 ± 5 c

1 Values were presented as mean (n = 3) ± standard deviation. a–c Means with different letters in the same row are
significantly different (p < 0.05), as determined by Tukey’s multiple comparisons test. HPV—hot paste viscosity;
CPV—cold paste viscosity.

The study confirmed that the presence of different ITFs in a cake batter modified the pasting
profile, particularly after heating and cooling. It has been reported that soluble and insoluble fibres
affect the performance of gluten-free layer cakes batter [45], showing that fibres increased the batter
viscosity, except for inulin, which decreased it. The present study results even show that the behaviour
of the inulins was greatly dependent on their degree of polymerization.

3.2. Physical Characteristics and Texture of Gluten-Free Mini-Sponge Cakes

The effect of sugar replacement with ITFs on the physical characteristics of GFSs is shown in
Table 4 and Figure 2. The experimental sponge cakes containing ITFs were significantly (p < 0.05)
heavier but similarly high as the control GFS with sugar (Table 4). In the case of foam-type cakes,
including particulalry sponge cakes, the high volume and fine porosity are desirable features [1].
The elimination of sucrose did not affect GFSs’ volume. Thus, it appears that ITFs consolidated the
structure of experimental GFSs, supported the height, and prevented GFSs’ collapse after baking
(Figure 2). The height and final volume of foam-type cakes are mainly determined by gas cell
incorporation during mixing and steam production during baking [46]; however, the structure of the
cake is established during baking together with the rise of the temperature when the cake matrix
solidifies as a result of starch gelatinization and protein denaturation.

All experimental GFSs with ITFs were characterised by significantly (p < 0.05) lower baking
weight loss in comparison with the control cake containing sugar (Table 4). Baking weight loss is one
of the major technological losses and therefore efforts are made to minimise it. Generally, a number of
physical and chemical modifications proceed during baking, such as evaporation of water, formation
of a porous structure, expansion of volume, etc. [47]. The sponge cake baking process can be divided
into the heating up period and crust/crumb period [48]. Baking weight loss results mainly from the
drying process [49]; however, water vaporization during the initial heating up period may take place
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as crust does not appear instantaneously. In addition, other ingredients, ITFs in particular, have a
great influence on water retention in baked products. In the case of experimental GFSs without sugar,
the decreased value of baking weight loss could be due to ITFs’ ability to bind water molecules [50],
causing the higher water retention in the cake during baking. The results obtained by Rodriguez-Garcia
et al. [51], where a highly-dispersible native inulin (Frutafit HD®, average chain length 8–13, Sensus,
Roosendaal, The Netherlands) and highly-soluble oligofructose (Frutafit CLR®, average chain length
7–9, Sensus, Roosendaal, The Netherlands) were used indicated that cakes with 50% of native inulin as
fat replacer had significantly (p < 0.05) lower weight loss than the cakes without it, suggesting that
inulins bind water and help to retain moisture during baking.

The effect of sugar replacement with ITFs on textural parameters of the crumb of experimental
GFSs is presented in Table 4. The control sponge cake containing sugar had the softest crumb (32.22 N),
which at the same time was the most springy and cohesive, and the least gummy and chewy. Sugar
replacement with ITFs significantly (p < 0.05) affected the TPA profile of the experimental GFSs (Table 4).
Inulin increased the hardness of experimental GFSs, while the FOS sample showed crumb softness that
was close to the control (37.45 N). Similar observations were made by Gao et al. [24], who revealed that
a total replacement of sucrose with inulin (Frutafit IQ, DPav 5–7, Sensus, Roosendaal, The Netherlands)
gave muffins with a firmer texture than the control ones. The differences in the action of ITFs applied in
the experimental GFSs could be explained by the increase in hardness of inulin gels observed with an
increasing degree of polymerisation [52]. In addition, Ziobro et al. [53] demonstrated that the range of
changes in textural parameters of the gluten-free bread influenced by ITFs depended on the structure
(including DP) and the amount of the applied additives. These authors reported that inulin with a
lower DP (HSI with a DP < 10, BENEO-Orafti, Belgium) had a favourable impact on crumb hardness of
gluten-free bread, while the loaves with the addition of high performance inulin (HPX) with DP > 23
(BENEO-Orafti, Belgium) were significantly harder. In the case of the remaining texture parameters
analysed in the present study, independently of the DP, the complete sugar replacement with ITFs
caused rather undesirable changes in the characteristics of GFSs (Table 4). The FOS, INU, and SYN
samples were significantly (p < 0.05) more gummy and chewy than the control ones, while their
springiness and cohesiveness were reduced.

The results of the instrumental colour analysis of crust and crumb of experimental GFSs are
shown in Table 4. Compared with the sugar-containing control sponge cake, sugar replacement with
ITFs had a significant but different effect on the colour parameters of the crust. Short-chained FOS
induced the most pronounced darkening of the crust of the experimental FOS sponge cake (L* = 49.53),
followed by SYN. On the other hand, INU in which sugar was replaced with long-chained inulin,
the L* value determined for the crust was significantly (p < 0.05) lower (L* value = 70.69) compared
with the control (64.64) and other GFSs with ITFs. Positive values of coordinates a* (red hue) and
b* (yellow hue) were recorded for the crust of all experimental GFSs (Table 4), regardless of the ITFs
applied. The results obtained indicated a reddish shade of crust of all GFSs, with the highest value
of coordinate a* determined in the FOS sample. The value of the b* coordinate, denoting a yellow
shade, was the highest in SYN. The value of the browning index (BI) was inversely related to the
crust whiteness; therefore, the highest BI value was recorded for FOS, followed by SYN, whereas
the most pronounced reduction in this parameter was recorded for INU (Table 4). Contrary to the
crust, the colour of the crumb depends rather on the colour of the ingredients. ITFs used as sugar
replacers in the GFS had a similarly white to slightly creamy colour. However, even though no apparent
differences were observed in ITFs’ colour, they had an impact on the crumb colour of experimental
GFSs. The crumb of the FOS sponge cake was whiter than of the control one (Table 4), while regardless
the kind of dietary fibre used in the formulation, crumbs of all GFSs were significantly (p < 0.05) redder
(a*) and more yellow (b*), compared with the control products. The crumb of the control sponge cake
was characterised by the highest whiteness index (WI) (Table 4). In general, the development of brown
colour of food that appears during baking is a very typical phenomenon and is mainly caused by
non-enzymatic browning reactions which include, among others, caramelisation and Maillard reactions.
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Carbonyl groups of reducing sugars polymerise with α- and ε-amino groups of proteins, peptides,
or amino acids to produce brown nitrogenous pigments (melanoidins) by the spontaneous Maillard
reaction [54]. The assessment of the crust colour of the experimental GFSs indicated a pronounced
darker colour in the sample containing FOS.

Table 4. Effects of sucrose replacement with ITFs on physical characteristics and texture of gluten-free
mini-sponge cakes.

Control FOS INU SYN

Weight (g) 1 22.45 ± 0.57 b 23.13 ± 0.32 a 23.31 ± 0.13 a 23.23 ± 0.11 a

Height (mm) 49.0 ± 0.52 51.3 ± 0.30 51.0 ± 0.36 48.0 ± 0.10
Baking weight loss (%) 25.18 ± 1.92 a 22.89 ± 1.05 b 22.31 ± 0.44 b 22.58 ± 0.37 b

Textural parameters
Hardness (N) 32.22 ± 2.49 c 37.45 ± 2.74 c 62.92 ± 3.473 a 51.54 ± 6.639 b

Springiness (%) 0.87 ± 0.03 a 0.79 ± 0.02 b 0.81 ± 0.02 b 0.81 ± 0.03 b

Cohesiveness 0.49 ± 0.01 a 0.33 ± 0.02 b 0.15 ± 0.02 c 0.17 ± 0.03 c

Gumminess 1.60 ± 0.11 d 12.22 ± 0.63 a 10.43 ± 0.90 b 8.56 ± 0.76 c

Chewiness 1.40 ± 0.10 c 9.67 ± 0.66 a 7.70 ± 0.95 b 6.49 ± 0.96 b

Resilience 0.15 ± 0.01 a 0.08 ± 0.01 b 0.05 ± 0.01 c 0.06 ± 0.01 c

Crust colour
L* 64.64 ± 2.82 b 49.53 ± 0.12 d 70.69 ± 0.95 a 59.71 ± 0.47 c

a* 13.26 ± 0.84 c 17.64 ± 0.20 a 12.09 ± 0.19 d 15.72 ± 0.13 b

b* 35.58 ± 0.95 a 34.14 ± 0.49 bc 33.71 ± 0.54 c 36.09 ± 0.19 a

BI 92.21 ± 5.94 c 133.30 ± 2.56 a 75.66 ± 0.70 d 107.36 ± 1.46 b

ΔE 6.44 15.8 5.53
Crumb colour

L* 82.74 ± 0.58 b 84.01 ± 0.64 a 82.42 ± 0.49 b 81.23 ± 0.92 c

a* 2.01 ± 0.11 d 3.22 ± 0.14 b 2.65 ± 0.14 c 4.59 ± 0.19 a

b* 22.75 ± 0.80 c 24.95 ± 0.64 b 24.15 ± 0.54 b 28.84 ± 0.24 a

WI 71.37 ± 0.65 a 70.18 ± 0.48 b 70.01 ± 0.67 b 65.28 ± 0.62 c

ΔE 1.57 2.82 6.79
1 Values were presented as mean ± standard deviation. a–c Values followed by different letters in the same row are
significantly different (p < 0.05), as determined by Tukey’s multiple comparisons test.

The obtained results of the instrumental colour analysis were consistent with the findings reported
by Zahn et al. [31] and suggested that the rate of the Maillard reaction was more intensive in FOS than
in other GFSs with ITFs. During the baking process, the hydrolysis of FOS to fructans could occur,
thereby increasing the quantity of reducing sugar (especially fructose), promoting the Maillard reaction.
The darkening of the crust of experimental GFSs could be perceived as a desirable feature because the
gluten-free products generally tend to be paler than their wheat counterparts [26]. In contrast, the light
crust of INU may indicate the suppression of the Maillard reaction due to the dilution of the reaction
precursor’s in the presence of inulin, a water-retaining ingredient, resulting in a higher water content
in the environment [55].

Changes in the contents of the early, advanced, and final stage Maillard reaction products affected
by sugar replacement with ITFs are presented in Table 5. In this study, the available lysine served
as an indicator of the early stage of Maillard reaction, while the fluorescent intermediate products
(FIC) formation was considered as the advanced stage of the reaction, and finally, the generation of
melanoidins was indicative of the final stage. The FOS sponge cake had available lysine content at the
same level as in the control, while that found in INU and SYN was about 20% lower (Table 5). Therefore,
the FIC value for control and FOS was similar, whereas the increased amount of FIC was determined
in the other GFSs with ITFs. It suggested that INU and SYN promoted the formation of fluorescence
compounds, whereas FOS did not. To describe the protein loss in the experimental GFSs, the FAST index
was calculated as a ratio between FIC and tryptophan fluorescence presented in%. The lowest value of
the FAST index was detected in the control sponge cake (Table 5). Among GFSs with ITFs, a positive
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effect counteracting proteins loss was noticed in the sample with short-chained FOS, determined as a
significantly (p < 0.05) lower FAST index percentage. The FAST index values obtained for GFSs were,
however, lower than the obtained by Przygodzka et al. [56] for rye-buckwheat cakes enriched with spices.
In the GFS containing FOS, an intense form of brown melanoidins was observed (Table 5) that was 45%
and 15% higher than in INU and SYN, respectively. The results obtained corresponded well to the results
of the instrumental colour analysis (Table 4) and proved that melanoidin formation was positively linked
to BI. Nevertheless, except for colour development, many studies demonstrated the health-promoting
properties of melanoidins, including their antimicrobial, antioxidant, anti-inflammatory or probiotic
effects [57].

Figure 2. Exemplary pictures of the appearance and cross-section of experimental gluten-free
mini-sponge cakes with sucrose replaced with ITFs. (A) control gluten-free sponge cake; (B) gluten-free
sponge cake with FOS; (C) gluten-free sponge cake with inulin; (D) gluten-free sponge cake with
Synergy 1.

The acceptance of the sensory quality is essential when a new product is being developed;
therefore, an important step in the novel product development is to determine and analyse its quality
characteristics, including appearance, aroma, and taste. In the present study, trained experts were asked
to assess the experimental GFSs based on their visual appearance (crumb colour and porosity), aroma,
taste, and texture, both manually (elasticity) and by the mouth (crustiness chewiness and adhesiveness).
The results of QDA are presented in Table 6 and Figure 3. In general, the ITFs used in the formulation
did not influence the visual appearance of the crumb of experimental GFSs (Table 6). All GFSs with ITFs
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looked similar like the creamy-coloured control sponge cake containing sugar. This indicated that the
differences in crumb colour detected by the instrumental colour analysis (Table 4) were not perceived
by the experts panel in QDA analysis (Table 6). This could be explained by the differences between
the methods applied. The instrumental spectrophotometric method makes it possible to define the
colour precisely, expressing it numerically in comparison to the standard. The main advantage of this
instrumental measurement over the sensory QDA analysis is its higher repeatability resulting from
the lower standard deviation due to the lack of variability caused by psychological, physiological,
and environmental factors that affect human sensory reactions [58]. The experimental GFSs were similar
to the control cakes in terms of porosity features, with both taking into account pore collocation and
dimension (Table 6; Figure 2), regardless of the ITFs used in the sponge cake formulation. The number,
size, and distribution of air cells incorporated during the mixing stage determine the volume and
texture of the baked cakes [1]. A larger number of smaller pores rather than a smaller number of
larger ones is a feature of high-quality sponge cakes [32,59]. The control sample was characterised by
intensive sponge cake aroma and taste, while in GFSs containing ITFs these features were detected
in significantly (p < 0.05) lower range, especially in FOS (Table 6). In addition, the experimental
GFSs containing ITFs were characterised as having less sweet aroma and taste than the control cakes.
Texture evaluation is also an important step in developing a high-quality food product or optimising
processing variables.

Table 5. Effects of sucrose replacement with ITFs on the contents of the early, advanced, and final stage
Maillard reaction products in gluten-free mini-sponge cakes.

Control FOS INU SYN

Available lysine (mg/g) 1 12.50 ± 0.42 a 12.51 ± 0.17 a 9.88 ± 0.06 b 9.31 ± 0.09 b

FIC (FI) 28.05 ± 0.60 bc 20.16 ± 0.17 c 50.14 ± 1.94 a 38.56 ± 1.87 b

TRP (FI) 18.00 ± 0.09 d 16.02 ± 0.03 c 20.52 ± 0.78 a 19.44 ± 0.04 b

FAST index (%) 123 ± 5.56 c 175 ± 1.08 b 245 ± 11.28 a 203 ± 19.94 b

Melanoidins (AU) 0.758 ± 0.011 b 0.921 ± 0.012 a 0.504 ± 0.005 c 0.775 ± 0.020 b

FIC—free intermediate compounds; TRP—tryptophan fluorescence; FAST index—fluorescence of advanced MRPs
and tryptophan. 1 Values were presented as mean ± standard deviation. a–c Values followed by different letters in
the same row are significantly different (p < 0.05), as determined by Tukey’s multiple comparisons test.

Table 6. Effects of sucrose replacement with ITFs on the sensory quality assessed with a quantitative
descriptive analysis (QDA) in gluten-free mini-sponge cakes.

Attribute Control FOS INU SYN

Appearance
creamy colour 2.42 ± 0.53 2.59 ± 0.62 2.48 ± 0.54 2.86 ± 0.63

pore collocation 6.59 ± 1.59 7.16 ± 1.87 7.02 ± 0.83 7.56 ± 1.20
pore dimension 2.51 ± 1.34 2.20 ± 1.95 2.18 ± 0.47 2.03 ± 0.72

Aroma
sponge cake 8.11 ± 1.07 a 2.26 ± 0.85 d 5.34 ± 2.04 b 3.91 ± 1.32 c

sweet 5.82 ± 1.96 a 1.64 ± 0.92 c 3.69 ± 2.32 b 2.88 ± 1.59 bc

Taste
sponge cake 8.12 ± 0.95 a 4.04 ± 2.31 b 3.34 ± 0.89 b 3.05 ± 1.35 b

sweet 6.26 ± 1.48 a 1.98 ± 1.20 b 1.09 ± 0.76 b 0.99 ± 0.80 b

aftertaste 1.39 ± 0.61 1.59 ± 0.96 1.13 ± 0.68 1.31 ± 0.71
Texture (manual) elasticity 6.18 ± 0.48 a 6.69 ± 1.61 a 3.04 ± 0.92 b 2.92 ± 1.18 b

Texture (in mouth)
crustiness 1.58 ± 0.24 b 1.77 ± 0.53 b 2.72 ± 0.98 a 2.76 ± 0.82 a

chewiness 3.54 ± 0.44 3.58 ± 0.54 3.36 ± 0.82 3.43 ± 0.93
adhesiveness 2.98 ± 0.78 2.67 ± 0.67 2.41 ± 0.76 2.24 ± 0.90

Values were presented as mean ± standard deviation. a–d Values followed by different letters in the same row are
significantly different (p < 0.05), as determined by Tukey’s multiple comparisons test.
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Figure 3. Spider diagram presenting the effect of sucrose replacement with ITFs on QDA parameters
(A); overall quality (B) of gluten-free mini-sponge cakes. FOS—gluten-free mini-sponge cake with FOS;
INU—gluten-free mini-sponge cake with inulin; SYN—gluten-free mini-sponge cake with Synergy 1.
a–c Values followed by different letters above the bars are significantly different (p < 0.05), as determined
by Tukey’s multiple comparisons test.

The ANOVA analysis revealed significant differences (p < 0.05) in the QDA texture parameters of
the experimental GFSs, in particular in their elasticity (examined manually) and crustiness (assessed in
the mouth). In comparison with the control cake, FOS was similarly elastic and had the same crustiness,
while INU and SYN were significantly (p < 0.05) less elastic and more crusty than the control and FOS
(Table 6). The results of sensory analysis corresponded in part with the results of the instrumental
texture analysis (Table 4), as both methods indicated a greater similarity of FOS to the control cake than
to other GFSs with ITFs. However, the instrumental texture parameters and the sensory descriptors
are not defined similarly, while their methodology, including sample size and analysis conditions,
are significantly different [60]. When comparing sensory and instrumental analytical methods, it should
be noticed that the results of instrumental methods are related to the physical parameters that trigger
sensory impressions, while the results of the sensory analysis inform directly about the sensations
that these stimuli evoke [61]. Nevertheless, both sensory evaluation techniques and instrumental
measurements are equally used to assess texture parameters in food products [62]. In the overall
quality assessment, all GFSs containing ITFs were of satisfactory quality, with high scores ranging
from 7.21 to 8.13 (Figure 3). However, among experimental GFSs, FOS was favoured and received
the highest scores (Figure 2), similar to the control cake containing sugar (8.79). On the other hand,
panellists found that the INU and SYN samples were less favoured in the overall acceptance and
palatability, compared with the control (p < 0.05). These results were in agreement with the results
of the instrumental texture and colour analysis (Table 3). The addition of inulin to the experimental
sponge cake formulation deteriorated its quality, yielding harder crumb and paler crust (Table 4),
and consequently diminishing the sensory quality of GFS. In turn, the use of short-chained FOS
improved many technological properties, resulting in the amelioration of the sensorial characteristic of
GFS. As was discussed before, the length of the inulin molecule is an important feature affecting the
physical and technological properties of the final product. Ziobro et al. [53] reported that the DP of
inulin preparations affected the physical characteristics and staling rate of gluten-free bread. Taking
into account all gathered results, it could be concluded that a high-quality GFS (i.e., uniform, medium
size porosity, proper crumb structure) could be obtained if the appropriate ITFs source was selected
based on its functional characteristics, including the DP.
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4. Conclusions

Our research has demonstrated the feasibility of complete sucrose replacement with ITFs in the
gluten-free sponge cake formulation. The use of ITFs as the sole sweetening ingredient resulted in
less sweet GFSs which were, however, characterised by a similar appearance to the control sample,
especially in terms of the similar crumb colour and porosity. In addition, all GFSs containing ITFs
instead of sugar had similar height, while their baking weight loss was significantly lower than in
the control cake. The total sugar replacement with ITFs significantly influenced the texture profile
of the experimental GFS, in particular the use of long-chain inulin increased the crumb hardness,
while the crumb of the GFS with FOS was as soft as that of the control cake. In comparison with the
control sample, the GFS containing FOS had a similar content of early Maillard reaction products,
determined as the available lysine, which indicated the favourable counteraction of protein loss in
this sample. The QDA analysis showed that among the experimental GFSs with ITFs, the sample
containing FOS obtained the highest scores for the overall quality assessment, which was similarly
high to that given to the sugar-containing control cake. The results obtained prove that sucrose is not
necessary to make a gluten-free sugar-free sponge cake with appropriate technological parameters and
high sensory quality. Therefore, it can be successfully replaced with ITF, especially FOS, in this type of
baked confectionery product.
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chemical composition and antioxidative properties of rye ginger cakes during their shelf-life. Food Chem.
2012, 135, 2965–2973. [CrossRef]

38. ISO. 8586–1: Sensory Analysis—General Guidance for the Selection, Training and Monitoring of Assessors—Part 1:
Selected Assessors; ISO: Geneva, Switzerland, 1993.

39. Lawless, H.T.; Heymann, H. Sensory Evaluation of Food—Principles and Practices; Springer: New York, NY,
USA, 2010.

40. ISO/DIS. 13299: Sensory Analysis—Methodology—General Guidance for Establishing a Sensory Profile; ISO:
Geneva, Switzerland, 1998.

41. ISO. 8589: Sensory Analysis—General Guidance for the Design of Test Rooms; ISO: Geneva, Switzerland, 1998.
42. Rosell, C.M.; Collar, C. Effect of temperature and consistency on wheat dough performance.

Int. J. Food Sci. Technol. 2009, 44, 493–502. [CrossRef]
43. Andrade, F.J.E.T.; Albuquerque, P.B.S.; Moraes, G.M.D.; Farias, M.D.P.; Teixeira-Sá, D.M.A.; Vicente, A.A.;

Carneiro-da-Cunha, M.G. Influence of hydrocolloids (galactomannan and xanthan gum) on the
physicochemical and sensory characteristics of gluten-free cakes based on fava beans (Phaseolus lunatus).
Food Funct. 2018, 9, 6369–6379. [CrossRef]

44. Marco, C.; Rosell, C.M. Effect of different protein isolates and transglutaminase on rice flour properties.
J. Food Eng. 2008, 84, 132–139. [CrossRef]

45. Gularte, M.A.; de la Hera, E.; Gómez, M.; Rosell, C.M. Effect of different fibers on batter and gluten-free layer
cake properties. Lebensm. Wiss. Technol. 2012, 48, 209–214. [CrossRef]

46. Conforti, F.D. Cake manufacture. In Bakery Products: Science and Technology, 2nd ed.; Hui, Y.H., Corke, H.,
De Leyn, I., Nip, W., Cross, N.A., Eds.; Wiley-Blackwell: Ames, IA, USA, 2014; pp. 565–584.

47. Mondal, A.; Dutta, A.K. Bread baking—A review. J. Food Eng. 2008, 86, 465–474. [CrossRef]
48. Lostie, M.; Peczalski, R.; Andrieu, J. Lumped model for sponge cake baking during the “crust and crumb”

period. J. Food Eng. 2004, 65, 281–286. [CrossRef]
49. Purlis, E.; Salvadori, V.O. Bread baking as a moving boundary problem. Part 1: Mathematical modelling.

J. Food Eng. 2009, 91, 428–433. [CrossRef]
50. Dhingra, D.; Michael, M.; Rajput, H.; Patil, R.T. Dietary fibre in foods: A review. J. Food Sci. Technol. 2012, 49,

255–266. [CrossRef] [PubMed]
51. Rodríguez-García, J.; Salvador., A.; Hernando., I. Replacing Fat and Sugar with Inulin in Cakes: Bubble Size

Distribution. Physical and Sensory Properties. Food Bioprocess Technol. 2014, 7, 964–974.
52. Chiavaro, E.; Vittadini, E.; Corradini, C. Physicochemical characterization and stability of inulin gels.

Eur. Food Res. Technol. 2007, 225, 85–94. [CrossRef]
53. Ziobro, R.; Korus, J.; Juszczak, L.; Witczak, T. Influence of inulin on physical characteristics and staling rate

of gluten-free bread. J. Food Eng. 2013, 116, 21–27. [CrossRef]
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Abstract: The use of hydrocolloids in gluten-free breads is a strategy to improve their quality and
obtain products with acceptable structural and textural properties. Hydration level (HL) optimization
is important to maximize the hydrocolloids effects on dough and bread quality. This study evaluated
the optimum hydration level (OHL) for gluten-free breads prepared with different starch sources
(rice flour or maize starch) and hydroxypropyl methylcellulose (HPMC) in comparison with psyllium
husk fibre and xanthan gum. Breads with the same final volume and the corrected hydration (CH)
were evaluated. The hydration is a key factor that influences the final characteristics of gluten-free
breads. Breads made with HPMC had greater dependence on the HL, especially for preparations
with maize starch. Psyllium had similar behaviour to xanthan with respect to specific volume and
weight loss. Breads manufactured with maize starch and HPMC had low hardness due to their great
specific volume. However, in breads made with rice flour, the combined decreased hydration and
similar specific volume generated a harder bread with HPMC than the use of psyllium or xanthan.
Breads made with HPMC presented higher specific volume than the other hydrocolloids, however
combinations among these hydrocolloids could be evaluated to improve gluten-free breads quality.

Keywords: gluten-free bread; hydration; hydroxypropyl methylcellulose; xanthan gum; psyllium

1. Introduction

Gluten plays an important role in bread formulation. The gluten network is formed by wheat
proteins that with correct hydration and mechanical work, form a cohesive, extensible and elastic
dough, which is able to retain the gas formed during fermentation and baking [1]. To elaborate
gluten-free breads, it is necessary to resort to starches and gluten-free flours, but it is also important to
replace gluten with another ingredient. However, a functionally equivalent ingredient has not yet been
found that allows the full replacement of gluten. The most often used ingredients for this purpose are
hydrocolloids [2–5].

Hydroxypropyl methylcellulose (HPMC) and xanthan gum are the hydrocolloids most often used
as gluten substitutes in gluten-free breads, while rice flour and maize starch are the starchy ingredients
most often employed in these formulations, both in scientific articles and in commercial products [6,7].
In commercial products, the use of psyllium is also prominent. In fact, Román et al. [7] indicated that
16% of all evaluated breads included psyllium as the major gluten replacer and 34% incorporated it as a
secondary replacer, mixed with another main hydrocolloid. Similarly, as other hydrocolloids, psyllium
is a natural fibre with important hydration and gel-forming properties [8]. It is an arabinoxylan
composed by different monosaccharides and, as other hydrocolloids, it has many hydroxyl groups in
its structure which increase its capacity to bind water and generate viscous solutions [9,10]. The use of
psyllium has some advantages because, besides being a natural product, it is responsible for health
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benefits such as the regulation of glucose in diabetic disease and decreased symptoms of constipation,
diarrhoea, irritable bowel syndrome and others [11]. Psyllium and xanthan gum present similar
rheological behaviours, as both are responsible for weak gelling properties [12]. Nevertheless, studies
about the elaboration of gluten-free breads with psyllium are scarce, and this fibre has always been
studied in mixtures with other hydrocolloids such as HPMC and xanthan gum [13–15] but never as a
unique gluten replacer.

Dough hydration in gluten-free bread is a fundamental aspect of final product quality. In general,
it is known that the greater the hydration, the higher the specific volume of a bread, until a maximum
point at which the weak structure of the dough promotes collapse during the fermentation or baking
process [16,17]. However, these studies were based on doughs elaborated with HPMC, and there is little
or no information about the effect of hydration on doughs made with other hydrocolloids. Generally,
previous scientific studies applied the same hydration levels, despite possible changes in the formulation,
or they modified hydration based on pre-proofs which were not detailed. Some authors have attempted
to correct hydration by performing rheological analysis (rheometer or farinographic) [18–21]. Similarly,
Ren et al. [22] evaluated the effect of hydration in psyllium and methylcellulose breads using a
response surface design. However, this system had an important limitation, due to the amount of
each hydrocolloid used in the analysis. These quantities did not cover a wide range of concentrations
and they were the same for all hydrocolloids, so the optimal point is usually difficult to find for each
case. Nevertheless, Sahagún and Gómez [23] proved that distinct gluten-free formulations achieve
a maximum specific volume with differences in both hydration levels and rheological properties.
Furthermore, hydration influences bread volume differently, depending on the formulation used.

Gluten-free breads prepared with the most used gluten-substitutes (HPMC or xanthan gum)
were compared with breads made with psyllium in doughs with rice flour or maize starch. Therefore,
the objective of this study was to evaluate the different effect of using psyllium as a gluten replacer in
gluten-free breadmaking. The influence of these hydrocolloids was evaluated on dough hydration
and on the specific volume of the final breads. For each case, breads with the highest specific volume
were analysed in terms of crust colour and texture (hardness, springiness, cohesiveness, chewiness
and resilience).

2. Materials and Methods

2.1. Bread Ingredients

Gluten-free breads were made with rice flour containing 7.54 g/100 g of protein (Molendum
Ingredients SL, Zamora, Spain) or maize starch (Tereos, Syral Iberia SAU, Zaragoza, Spain).
Other ingredients used were refined sunflower oil (Urzante, Navarra, Spain), sucrose (AB Azucarera
Iberica, Valladolid, Spain), instant dry baker’s yeast (Dosu Maya Mayacilik A.S, Istanbul, Turkey),
salt (Disal, Unión Salinera de España S.A, Madrid, Spain) and tap water. Gluten replacers were
hydroxypropyl methylcellulose (HPMC) (Vivapur K4M, J. Rettenmaier and Söhne, Rosenberg,
Germany), xanthan gum (Industrias Roko S.A., Llanera, Asturias, Spain) and psyllium husk fibre
(psyllium P95) with 80% of total fibre (14% insoluble and 66% soluble, data provided by the supplier
Rettenmaier Ibérica, Barcelona, Spain) and 3.42 of water holding capacity [8].

2.2. Gluten-Free Breadmaking

A gluten-free bread recipe was composed as follows (per 100 g flour or starch): 100 g of maize
starch (MS) or rice flour (RF), 6 g of sunflower oil, 5 g of sugar, 3 g of yeast powder, 1.8 g of salt and 2 g
of hydrocolloid (HPMC, xanthan gum or psyllium). The amount of water was defined according to
topic 2.3.

All the ingredients were mixed by using a Kitchen Aid Professional mixer (Kitchen Aid, St. Joseph,
MI, USA) with a dough hook (K45DH) at 58 rpm for 1 minute, except for the dry yeast and tap water.
During this minute, the water was placed in a plastic container, the dry yeast was gently laid on top of
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the water and it was carefully mixed with the use of a glass rod to guarantee the hydration of the whole
yeast. Subsequently, the hydrated yeast was mixed (90 rpm for 8 into the dough. Portions of bread
dough (150 g) were placed into aluminium pans (127 × 98 × 33 mm) previously coated with sunflower
oil. The dough was fermented in a proofing chamber at 30 ◦C and 80% relative humidity for 60 min.
The fermented doughs were baked at 190 ◦C for 40 minutes. The aluminium pans were removed,
and the bread was allowed to cool for 60 min and placed in plastic bags, which were closed properly
and stored at 20 ◦C for 24 h until subsequent analysis. All studied formulations were produced
in duplicate.

2.3. Defining the Optimum Hydration Level of Breads

The influence of hydration level was evaluated for each bread formulation considering the use of
RF, MS and the different hydrocolloids (HPMC, xanthan gum and psyllium husk fibre), similarly to a
study by Sahagún and Gómez [23]. Breads were made with formulations containing 70, 80, 90, 100,
110 and 120 g/100 g of water. Their specific volumes were obtained, and those with the maximum
specific volume were considered to have the optimum hydration level (OHL). The volume of all breads
was measured by using a Volscan Profiler 300 (Stable Microsystems, Surrey, UK), and the specific
volume was calculated as the ratio between the final volume and weight of breads, 24 h after baking.
Four loaves of bread were evaluated for each formulation.

To evaluate the physical characteristics of the breads, the OHL was chosen. The amount of dough
to be used in the aluminium pans was recalculated for each formulation with the aim of obtaining the
same final bread volume (680 mL). However, this volume exceeded the mould capacity, and it was
observed that while some doughs could grow beyond the moulds, others overgrew it and exceeded
the upper edge of the pan, causing the dough drop outside the mould without increasing the bread
volume. In these cases, dough hydration was reduced to the percentage at which the bread could rise
without the dough dropping outside the mould.

2.4. Physical Characteristics of Breads

The weight lost during baking was calculated as the difference between the bread and dough
weights divided by the dough weight.

The texture of two central slices (20 mm thick) from two breads of each formulation was evaluated.
A TPA (texture profile analysis) was performed by using a TA-XT2 texture analyser (Stable Micro
Systems, Godalming, UK) with a cylindrical probe 25 mm in diameter. The probe penetrated 50% of
the depth of each slice, with a trigger force of 5 g and a test speed of 1 mm/s. A delay of 10 s between
the first and second compressions was applied. Hardness, springiness, cohesiveness and resilience
were measured.

Crumb colour was measured by using a Minolta CM-508i spectrophotometer (Minolta Co., Ltd.,
Osaka, Japan) with D65 as the standard illuminant and a 2◦ standard observer. The results were
expressed in the CIE L*a*b* colour space. Measurements were made on two central slices of two breads
from each formulation (2 × 2 × 2).

2.5. Statistical Analysis

Analysis of variance (ANOVA) was performed with Statgraphics Centurion XVI software (Statpoint
Technologies, Inc., Warrenton, VA, USA) to evaluate all the results obtained. The 95% confidence
intervals were described by Fisher’s least significant differences (LSD) test.

3. Results

3.1. Optimum Hydration Level

Specific volumes for each hydration level of gluten-free breads made with different hydrocolloids
are shown in Figure 1. Among breads made with RF (Figure 1a), the specific volume of all breads
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increased with high hydration levels up to 100 g water/100 g flour. This increase was much larger in
breads with HPMC than in those with psyllium husk fibre (PHF) or xanthan gum. In fact, breads with
HPMC had a specific volume more than double of those obtained with the other hydrocolloids at 100%
hydration, whereas at 70% hydration, they had similar specific volumes. The highest specific volume
observed in breads elaborated with HPMC is in accordance with the results of Sabanis and Tzia [3].
Nevertheless, their study showed smaller differences than those found in this research, as breads
prepared with HPMC were less hydrated than those formulated with xanthan, which reduced their
volume. This is related to the water retention capacity of xanthan gum, which generates more viscous
doughs. However, as shown in Figure 1, breads made with HPMC with a similar hydration of those
made with xanthan gum, presented higher specific volume. The behaviour of HPMC is related to its
capacity to form a thermo-reversible gel during baking, which increases the viscosity and establishes
gas cell walls, providing high volume by preventing moisture loss [24]. From the 100% hydration
level, the specific volume of breads with HPMC decreased, while the pattern for breads made with
xanthan was a reduction at 110% and a slightly increase at 120%. However, at this hydration level the
volume of the dough was reduced during fermentation, and a small increase was observed during
baking. As the final volume of breads made with xanthan gum was not improved at 120% hydration,
the OHL was defined as 100%, considering that at this level, the highest specific volume was obtained
without the dough dropping during fermentation or baking. An increasing in the specific volume
with increasing hydration up to a certain limit was also observed by Mancebo et al. [16] in breads
elaborated with RF and by Sahagún and Gómez [23] in breads with MS. Both studies analysed breads
with HPMC. Mancebo et al. [16] reported the specific volume of breads with optimum values of G

′
and

G”. Sahagún and Gómez [23] found that these rheological values depended on the bread formulation.
Ziobro et al. [20] evaluated breads made with starches, guar gum and pectin, and they showed that
there is a viscosity limit value at which bread volume decreases during baking. In fact, Mir et al. [2]
affirmed that the internal viscosity of doughs should not be too low to avoid the release of bubbles
during baking. Encina-Zelada et al. [25] also observed that the specific volume of breads made with
xanthan gum or guar gum increased with increasing hydration. In this case, a relation with dough
rheology was also mentioned, and it was shown that for high levels of xanthan it was necessary the
addition of extra water.

In the case of PHF, doughs greater than 100% of hydration, although growing during fermentation,
dropped over the edges of the moulds during baking. It is possible that the viscosity was reduced
during the early stages of baking (before gelatinization) because of the increase in temperature,
which promoted excessively liquid doughs with a weak structure that dropped over the edges of the
mould. Thus, it was not possible to obtain properly baked rice bread containing 2% of PHF over 100%
hydration (Figure 1). The specific volume of breads made with PHF was similar to those made with
xanthan gum. This could be related to the rheological properties of psyllium husk fibre, which are very
similar to those of xanthan gum [12].

Among breads made with MS, those with HPMC had the highest specific volume at the optimum
hydration of 80% (Figure 1), and their volume gradually decreased with increasing hydration.
This optimum is similar to the results obtained by Sahagún and Gómez [23] using a very similar
formulation. Breads with xanthan gum presented an OHL at 110% hydration, because at 120% the
volume of the dough decreased during fermentation and increased again during baking, but it was not
larger than that obtained with 110%, and there was no significant difference between the two hydration
levels. MS breads with PHF increased in specific volume up to 90% hydration; however, at this level,
breads were completely hollow, which indicated that the dough structure was too weak and the interior
matrix sunk during baking, while at the external surface, a thin crust was formed because of drying
that occurred at the beginning of baking. As a result, it was not possible to measure these breads
because of their weak structures. MS breads behaved similarly to RF breads, as formulations with
HPMC at the OHL had nearly double the specific volume of those breads elaborated with psyllium
husk fibre or xanthan gum; the differences between the latter two were small.

60



Foods 2020, 9, 1548

It is important to highlight that breads made with MS had a higher specific volume than those
made with RF, considering all hydration levels and the different hydrocolloids used. All hydrocolloids
(HPMC, PHF and xanthan gum) increased the final specific volume of breads by almost 50%, considering
the maximum specific volume obtained for each of them. The highest specific volumes were previously
found when using HPMC, comparing breads elaborated with MS to those with RF [15,26]. Martinez
and Gómez [26] hypothesized that this different behaviour of RF and MS doughs could be attributed
to a higher consistency of rice flour in respect to maize starch, probably due the presence of proteins.
The authors also suggested another possible explanation, which is based on the presence of a protein
layer that covers the starch granules of the flour, modifying the pasting behaviour and increasing the
pasting temperature. With respect to the OHL, breads made with HPMC clearly had lower OHL in the
presence of MS than in the presence of RF, but in the case of xanthan gum, this value was the same
with MS and RF, considering that with RF the specific volume did not have significant difference when
the hydration increased from 110% to 120%. In the case of PHF, it was not possible to compare values
of OHL, since they were not determined by considering the maximum specific volume but because of
structural problems discovered in the cases of high hydration levels. However, considering the use of
psyllium husk fibre, the OHL was larger with MS (sinking of the internal structure) than RF (dough
dropped outside of the mould during baking).

 

 
Figure 1. Variation of specific volume at different hydration levels for each gluten-free bread formulation
and hydrocolloid: (A) rice flour (RF); (B) maize starch (MS). Same letters above bars means that there
are no significant differences between those values (p < 0.05).
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3.2. Gluten-Free Bread Properties

The initial idea was to produce breads with the same specific volume by changing the amount
of water in the formulation, so this factor would not influence the study of the texture. It was also
considered that the doughs could expand above the mould without overflowing and the hydration
was reduced in the case it happened. However, the specific volume of breads made with maize starch
had to be a little higher than those made with rice flour, since it was not possible to obtain such low
specific volumes with MS. On the other hand, in breads made with maize starch and HPMC, it was not
possible to achieve specific volumes as low as those obtained with psyllium husk fibre or xanthan gum,
since reducing the hydration to a great extend generated excessively dry doughs that were difficult to
handle. Table 1 shows the hydration levels used (corrected hydration, CH) and the specific volumes of
breads elaborated with the CH. In the case of RF breads, it was necessary to use less hydration with the
HPMC to obtain equal specific volumes of breads made with PHF and xanthan gum, according with
the results obtained in the first part of this study. The CH of psyllium husk fibre and xanthan gum
breads was slightly lower than the optimum found in the first part, since with the optimum hydration
the doughs lost volume when they went over the edge of the mould. PHF and xanthan breads were
also inferior to the optimum, due to the same problem found in RF breads, but somewhat superior to
RF bread, as the doughs with these hydrations did not overflow. Regarding breads with HPMC, as it
was not possible to achieve the specific volume, the hydration was corrected. In the cases in which
it was not possible to equalize the specific volume, the amount of dough added in the moulds was
modified to obtain breads with a similar final volume, as shown in Figure 2. Thus, all the breads had
the same surface area, and this factor did not influence the weight loss after baking.

Table 1. Optimum hydration level, specific volume and weight loss for each gluten-free bread and
hydrocolloid used in the formulation.

Samples CH (%) Specific Volume (cm3/g) Weight Loss (g/100g)

RF HPMC 70 1.33 ± 0.01 a 9.33 ± 0.88 a

RF Psyllium 90 1.44 ± 0.02 ab 9.89 ± 0.18 a

RF Xanthan 90 1.48 ± 0.03 b 9.76 ± 0.18 a

MS HPMC 80 7.58 ± 0.04 d 28.20 ± 0.12 c

MS Psyllium 80 2.37 ± 0.08 c 16.60 ± 0.86 b

MS Xanthan 80 2.25 ± 0.08 c 17.50 ± 1.50 b

Data are expressed as means ± Standard Deviation (SD) of duplicate assays. Values with the same letter in the
same column do not present significant differences (p < 0.05). CH: corrected hydration. RF: rice flour. HPMC:
hydroxypropyl methylcellulose. MS: maize starch.

The weight loss during baking (Table 1) had no significant differences between breads made
with RF. However, breads made with MS presented higher weight losses than those made with RF,
and among these, those made with HPMC were the ones that presented the highest losses. In general,
these weight losses are related to the volume of the loaves and the surface area, in a way that the
greater is the volume, and therefore the biggest is the exchange surface, the greater will be the weight
losses [16]. However, in this study, all breads had the same final volume and the same exchange surface
area, so the changes in the loss of water during the baking process must be attributed to the different
water absorption capacity of the ingredients used. This explains the absence of differences between
breads made with PHF and xanthan, as the mixtures between starch and both ingredients have similar
capacity to absorb water [8]. The higher weight loss in HPMC breads made with MS may be due to the
smaller water holding capacity of this hydrocolloid [27]. The differences between starch and rice flour
breads may be due to the lower water holding capacity of starches compared to flours [28], which may
be related to the higher protein content of flours. In addition, a very compact structure, due to the
lower specific volume of the RF breads, can also decrease the loss of water.
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Figure 2. Crumb from maize starch or rice flour gluten-free breads and different hydrocolloids.

The results for breads texture (Table 2), show no significant differences in hardness between MS
breads made with psyllium husk fibre or xanthan gum, but those made with HPMC have a considerably
lower hardness. This may be due to the higher specific volume of these breads, since, in general,
the higher is the specific volume, the lower is the hardness, as has been observed in previous studies
with HPMC [3]. In fact, this relation between specific volume and hardness was indicated in other
studies [16,26,29]. For the same reason, several studies found an increase in the hardness of gluten-free
breads with the use of xanthan gum when compared with other hydrocolloids [30,31]. However,
breads made with HPMC, despite of being softer, have been described as drier and with a crumblier
texture [32]. Contrary to what has been observed for MS bread, in RF breads, where specific volumes
were equalized, breads with HPMC presented much greater hardness than the others. This result is
not observed when these products present a greater specific volume. The greater hardness of breads
with HPMC found in this study may be attributed to the gels reverting to a weakly entangled form
upon cooling, which increased crumb firmness after baking [29,33]. Nevertheless, despite the higher
specific volume of breads elaborated with MS, RF breads made with PHF showed similar hardness
and those with xanthan gum were less hard than MS breads. These differences can be explained by the
distinct effect of xanthan gum on the pasting properties of starches, which includes the retrogradation
phenomenon [28]. Thus, it seems that maize starch generates harder breads than rice flour. This is
in accordance with the findings of Mancebo et al. [34], who reported that the texture of breads made
with starch was harder than that of breads made with rice flour. RF breads made with xanthan and
psyllium fiber husk showed higher springiness, cohesiveness and resilience in respect to RF-HPMC
breads, possibly due to the same reason, regarding the changes in the HPMC gels after baking. On the
contrary, in MS breads these changes were not found, as they were counteracted by the effect of the
specific volume of the breads. As regards the PHF and xanthan breads, they showed almost similar
values, and only slightly significant differences could be seen in MS breads, where PHF breads showed
greater cohesiveness and resilience than xanthan breads.
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Table 2. Texture parameters of gluten-free breads made with RF or MS for each hydrocolloid.

Samples Hardness (N) Springiness Cohesiveness Resilience

RF HPMC 42.44 ± 0.21 d 0.796 ± 0.004 a 0.656 ± 0.023 ab 0.383 ± 0.009 a

RF Psyllium 14.98 ± 0.60 c 0.891 ± 0.025 b 0.748 ± 0.037 c 0.479 ± 0.041 bc

RF Xanthan 9.04 ± 3.00 b 0.922 ± 0.043 bc 0.807 ± 0.024 c 0.501 ± 0.013 bc

MS HPMC 1.44 ± 0.12 a 1.011 ± 0.023 d 0.754 ± 0.030 c 0.493 ± 0.034 bc

MS Psyllium 19.51 ± 3.40 c 0.974 ± 0.004 cd 0.733 ± 0.037 bc 0.550 ± 0.052 c

MS Xanthan 19.58 ± 1.55 c 0.964 ± 0.002 cd 0.606 ± 0.037 a 0.420 ± 0.047 ab

Data are expressed as means ± SD of duplicate assays. Values with the same letter in the same column are not
significantly different (p < 0.05). RF: rice flour. MS: maize starch.

Comparing the crust colour (Table 3), breads made with xanthan gum were darker (small values
of L*) than breads with HPMC, and no significant differences were observed between breads made
with HPMC and PHF. Neither were significant differences observed between RF breads elaborated
with PHF or xanthan gum. Values of a* and b* had small significant differences, and no clear tendency
was observed. However, breads made with xanthan gum had the largest values of a* in preparations
containing RF and the smallest values of b* among those made with MS. Breads containing HPMC
presented the highest values of a* and b* among preparations with MS. The crust colour of breads is
related to the Maillard reaction, which occurs between amino acids and reducing sugars, as well as
sugar caramelization [35]. Differences in sugar content and amino acids should not exist between
breads elaborated with different hydrocolloids, since the other ingredients, which are the responsible
for sugar and amino acid contents, did not change in the formulation. However, water activity can
vary depending on the hydrocolloid and hydration of the doughs and this can affect Maillard reactions
favouring the mobility of reactants [36]. In fact, Sabanis and Tzia [3] also found significant differences
among the crust colours of breads made with distinct hydrocolloids.

Table 3. Crust colour parameters of gluten-free breads.

Samples L* a* b*

RF HPMC 81.68 ± 3.05 c 1.64 ± 0.25 bc 17.15 ± 0.68 bc

RF Psyllium 79.92 ± 4.67 bc 1.23 ± 0.39 b 15.36 ± 0.18 b

RF Xanthan 75.05 ± 0.83 ab 4.48 ± 0.08 d 20.25 ± 1.22 c

MS HPMC 82.09 ± 0.04 c 2.64 ± 0.14 c 19.32 ± 0.22 c

MS Psyllium 86.20 ± 2.13 c -0.05 ± 1.07 a 14.56 ± 2.64 b

MS Xanthan 71.26 ± 1.92 a 0.06 ± 0.09 a 9.72 ± 1.93 a

Data are expressed as means ± SD of duplicate assays. Values with the same letter in the same column are not
significantly different (p < 0.05). RF: rice flour. MS: maize starch.

4. Conclusions

In general, breads manufactured with HPMC and maize starch showed higher specific volumes
than preparations with other hydrocolloids or rice flour. Nevertheless, the degree of hydration of
the dough can change these results. The hydration effect is much more evident in breads prepared
with HPMC than in those made with psyllium or xanthan gum. Thus, optimization of hydration is
fundamental when different gluten-free breads are evaluated. After obtaining similar specific volume
due to the corrected hydration, breads made with RF and HPMC were harder and less cohesive than
breads made with psyllium or xanthan gum. It was not possible to obtain breads with the same specific
volume because of great differences among the different hydrocolloids. Thus, breads made with HPMC
and MS presented higher specific volume and lower hardness, but they presented a high weight loss
during baking. Psyllium behaved similarly as xanthan gum, both with rice flour and maize starch. It is
important to optimize the hydration for all gluten-free bread formulations made by using RF or MS
with PHF, xanthan gum or HPMC. The optimum hydration allows to achieve high specific volumes,
however in HPMC breads with RF and, especially, with MS it is possible to obtain specific volumes
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higher than breads with PHF or xanthan gum. Thought, it is necessary to study the combination
between these hydrocolloids and starch sources to optimize the texture of final breads.

Author Contributions: Conceptualization, M.G.; methodology, M.G. and M.B.; validation, M.G.; formal analysis,
M.B.; investigation, M.B.; data curation, M.G. and M.B.; writing—original draft preparation, M.B.; writing—review
and editing, M.B. and M.G.; visualization, M.G.; supervision, M.G.; project administration, M.G.; funding
acquisition, M.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by European Regional Development Fund (0612_TRANS_CO_LAB_2_P).

Acknowledgments: This work was supported by the European Regional Development Fund through the
project TRANSCOLAB (0612_TRANS_CO_LAB_2_P). The authors are also grateful to Molendum Ingredients for
supplying the rice flour and Rettenmaier Iberica for supplying the psyllium and HPMC.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Delcour, J.A.; Joye, I.J.; Pareyt, B.; Wilderjans, E.; Brijs, K.; Lagrain, B. Wheat gluten functionality as a quality
determinant in cereal-based food products. Annu. Rev. Food Sci. Technol. 2012, 3, 469–492. [CrossRef]
[PubMed]

2. Mir, S.A.; Shah, M.A.; Naik, H.R.; Zargar, I.A. Influence of hydrocolloids on dough handling and technological
properties of gluten-free breads. Trends Food Sci. Technol. 2016, 51, 49–57. [CrossRef]

3. Sabanis, D.; Tzia, C. Effect of hydrocolloids on selected properties of gluten-free dough and bread. Food Sci.
Technol. Int. 2011, 17, 279–291. [CrossRef] [PubMed]

4. Sciarini, L.S.; Ribotta, P.D.; León, A.E.; Pérez, G.T. Effect of hydrocolloids on gluten-free batter properties and
bread quality. Int. J. Food Sci. Technol. 2010, 45, 2306–2312. [CrossRef]

5. Anton, A.A.; Artfield, S.D. Hydrocolloids in gluten-free breads: A review. Int. J. Food Sci. Nutr. 2008, 59,
11–23. [CrossRef] [PubMed]

6. Masure, H.G.; Fierens, E.; Delcour, J.A. Current and forward looking experimental approaches in gluten-free
bread making research. J. Cereal Sci. 2016, 67, 92–111. [CrossRef]

7. Román, L.; Belorio, M.; Gomez, M. Gluten-free breads: The gap between research and commercial reality.
Compr. Rev. Food Sci. Food Saf. 2018, 18, 690–702. [CrossRef]

8. Belorio, M.; Marcondes, G.; Goméz, M. Influence of psyllium versus xanthan gum in starch properties.
Food Hydrocoll. 2020, 105, 105843. [CrossRef]

9. Zhang, J.; Wen, C.; Zhang, H.; Duan, Y. Review of isolation, structural properties, chain conformation,
and bioactivities of psyllium polysaccharides. Int. J. Biol. Macromol. 2019, 139, 409–420. [CrossRef]

10. Saha, D.; Bhattacharya, S. Hydrocolloids as thickening and gelling agents in food: A critical review. J. Food
Sci. Technol. 2010, 47, 587–597. [CrossRef]

11. Singh, B. Psyllium as therapeutic and drug delivery agent. Int. J. Pharm 2007, 334, 1–14. [CrossRef] [PubMed]
12. Haque, A.; Richardson, R.K.; Morris, E.R.; Dea, I.C.M. Xanthan-like “weak gel” rheology from dispersions of

ispaghula seed husk. Carbohydr. Polym. 1993, 22, 223–232. [CrossRef]
13. Cappa, C.; Lucisano, M.; Mariotti, M. Influence of psyllium, sugar beet fibre and water on gluten-free dough

properties and bread quality. Carbohydr. Polym. 2013, 98, 1657–1666. [CrossRef]
14. Haque, A.; Morris, E.R. Combined use of ispaghula and HPMC to replace or augment gluten in breadmaking.

Food Res. Int. 1994, 21, 379–393. [CrossRef]
15. Mancebo, C.M.; San Miguel, M.Á.; Martínez, M.M.; Gómez, M. Optimisation of rheological properties of

gluten-free doughs with HPMC, psyllium and different levels of water. J. Cereal Sci. 2015, 61, 8–15. [CrossRef]
16. Mancebo, C.M.; Martínez, M.M.; Merino, C.; de la Hera, E.; Gómez, M. Effect of oil and shortening in rice

bread quality: Relationship between dough rheology and quality characteristics. J. Texture Stu 2017, 48,
597–606. [CrossRef]

17. McCarthy, D.F.; Gallagher, E.; Gormley, T.R.; Schober, T.J.; Arendt, E.K. Application of response surface
methodology in the development of gluten-free bread. Cereal. Chem. 2005, 82, 609–615. [CrossRef]

18. Martínez, M.M.; Oliete, B.; Román, L.; Gómez, M. Influence of the addition of extruded flours on rice bread
quality. J. Food Qual. 2014, 37, 83–94. [CrossRef]

65



Foods 2020, 9, 1548

19. Nunes, M.H.B.; Ryan, L.A.M.; Arendt, E.K. Effect of low lactose dairy powder addition on the properties of
gluten-free batters and bread quality. Eur. Food Res. Technol. 2009, 229, 31–41. [CrossRef]

20. Ziobro, R.; Juszczak, L.; Witczak, M.; Korus, J. Non-gluten proteins as structure forming agents in gluten free
bread. J. Food Sci. Technol. 2016, 53, 571–580. [CrossRef]

21. Ziobro, R.; Witczak, T.; Juszczak, L.; Korus, J. Supplementation of gluten-free bread with non-gluten proteins.
Effect on dough rheological properties and bread characteristic. Food Hydrocoll. 2013, 32, 213–220. [CrossRef]

22. Ren, Y.; Linter, B.R.; Linforth, R.; Foster, T.J. A comprehensive investigation of gluten free bread dough
rheology, proving and baking performance and bread qualities by response surface design and principal
component analysis. Food Funct. 2020. [CrossRef] [PubMed]

23. Sahagún, M.; Gómez, M. Assessing influence of protein source on characteristics of gluten-free breads
optimising their hydration level. Food Bioproc. Technol. 2018, 11, 1686–1694. [CrossRef]

24. Crockett, R.; Ie, P.; Vodovotz, Y. How do xanthan and hydroxypropyl methylcellulose individually affect the
physicochemical properties in a model gluten-free dough. J. Food Sci. 2011, 76, 274–282. [CrossRef]

25. Encina-Zelada, C.R.; Cadavez, V.; Monteiro, F.; Teixeira, J.A.; Gonzales-Barron, U. Physicochemical and
textural quality attributes of gluten-free bread formulated with guar gum. Eur. Food Res. Technol. 2019, 245,
443–458. [CrossRef]

26. Martínez, M.M.; Gómez, M. Rheological and microstructural evolution of the most common gluten-free
flours and starches during bread fermentation and baking. J. Food Eng. 2017, 197, 78–86. [CrossRef]

27. Horstmann, S.W.; Axel, C.; Arendt, E.K. Water absorption as a prediction tool for the application of
hydrocolloids in potato starch-based bread. Food Hydrocoll. 2018, 81, 129–138. [CrossRef]

28. Matia-Merino, L.; Prieto, M.; Román, L.; Gómez, M. The impact of basil seed gum on native and pregelatinized
corn flour and starch gel properties. Food Hydrocoll. 2019, 89, 122–130. [CrossRef]

29. Gallagher, E.; Gormley, T.R.; Arendt, E.K. Crust and crumb characteristics of gluten free breads. J. Food Eng.
2003, 56, 153–161. [CrossRef]

30. Lazaridou, A.; Duta, D.; Papageorgiou, M.; Belc, N.; Biliaderis, C.G. Effects of hydrocolloids on dough
rheology and bread quality parameters in gluten-free formulations. J. Food Eng. 2007, 79, 1033–1047.
[CrossRef]

31. Schober, T.J.; Bean, S.R.; Boyle, D.L. Gluten-free sorghum bread improved by sourdough fermentation:
Biochemical, rheological, and microstructural background. J. Agric. Food Chem. 2007, 55, 5137–5146.
[CrossRef]

32. Liu, X.; Mu, T.; Sun, H.; Zhang, M.; Chen, J.; Laure, M. Influence of different hydrocolloids on dough
thermo-mechanical properties and in vitro starch digestibility of gluten-free steamed bread based on potato
flour. Food Chem. 2018, 239, 1064–1074. [CrossRef]

33. Grover, J.A. Methylcellulose (MC) and hydroxypropyl methylcellulose (HPMC). In Food Hydrocolloids;
CRC Press: Boca Raton, FL, USA, 1982.

34. Mancebo, C.M.; Merino, C.; Martinez, M.M.; Gomez, M. Mixture design of rice flour, maize starch and wheat
starch for optimization of gluten free bread quality. J. Food Sci. Technol. 2015, 52, 6323–6333. [CrossRef]

35. Purlis, E.; Salvadori, V.O. Modelling the browning of bread during baking. Food Res. Int. 2009, 42, 865–870.
[CrossRef]

36. Gonzales, A.S.P.; Naranjo, G.B.; Leiva, G.E.; Malec, L.S. Maillard reaction kinetics in milk powder: Effect of
water activity at mild temperatures. Int. Dairy J. 2010, 20, 40–45. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

66



foods

Article

Can Manipulation of Durum Wheat Amylose Content
Reduce the Glycaemic Index of Spaghetti?

Mike Sissons 1,* , Francesco Sestili 2 , Ermelinda Botticella 2 , Stefania Masci 2

and Domenico Lafiandra 2,*

1 NSW Department of Primary Industries, Tamworth 2340, Australia
2 Department of Agriculture and Forest Sciences, University of Tuscia, 01100 Viterbo, Italy;

francescosestili@unitus.it (F.S.); e.botticella@unitus.it (E.B.); masci@unitus.it (S.M.)
* Correspondence: mike.sissons@dpi.nsw.gov.au (M.S.); lafiandr@unitus.it (D.L.)

Received: 8 May 2020; Accepted: 24 May 2020; Published: 28 May 2020
��������	
�������

Abstract: Resistant starch (RS) in foods has positive benefits for potentially alleviating lifestyle
diseases. RS is correlated positively with starch amylose content. This study aimed to see what
level of amylose in durum wheat is needed to lower pasta GI. The silencing of starch synthases
IIa (SSIIa) and starch branching enzymes IIa (SBEIIa), key genes involved in starch biosynthesis,
in durum wheat cultivar Svevo was performed and spaghetti was prepared and evaluated. The SSIIa
and SBEIIa mutants have a 28% and 74% increase in amylose and a 2.8- and 35-fold increase in RS,
respectively. Cooked pasta was softer, with higher cooking loss but lower stickiness compared to
Svevo spaghetti, and with acceptable appearance and colour. In vitro starch digestion extent (area
under the digestion curve) was decreased in both mutants, but much more in SBEIIa, while in vivo
GI was only significantly reduced from 50 to 38 in SBEIIa. This is the first study of the glycaemic
response of spaghetti prepared from SBEIIa and SSIIa durum wheat mutants. Overall pasta quality
was acceptable in both mutants but the SBEIIa mutation provides a clear glycaemic benefit and would
be much more appealing than wholemeal spaghetti. We suggest a minimum RS content in spaghetti
of ~7% is needed to lower GI which corresponded to an amylose content of ~58%.

Keywords: durum wheat; pasta; glycaemic index; high amylose; resistant starch

1. Introduction

Food products made from wheat are and continue to be a key source of human nutrition and
pleasure to civilisations around the world. While bread products dominate, noodles and pasta, which
are convenient, inexpensive, and easy to cook, continue to enjoy popularity across the globe. Pasta is
prepared mostly from durum wheat semolina (Triticum turgidum subsp. durum) with a small rise in the
consumption of wholegrain/wholemeal and bran containing pasta occurring over the last decade [1].
Regular pasta, which is made from semolina, is not an ideal source of dietary fibre as most has
been removed during the milling of the grain. There is good evidence that regular consumption of
wholegrain cereals offers a reduced risk of certain diseases like type 2 diabetes, cardiovascular disease,
and certain cancers [2,3] and attempts are being made by the cereal industry to get this message out
with mixed success across the world. Despite this knowledge, the daily intake of dietary fibre falls
well short of daily recommendations, with more than 90% of the population of the USA, for example,
not meeting target levels [4]. This is because the vast majority of wheat-based food is made from refined
flour where the grain outer layers, which contain most of the fibre, have been removed in milling.
However, such foods are preferred by consumers for their taste, sensory quality, and appearance,
so refined wheat products, by default, constitute a major, although poor, source of fibre [5]. The key
would be to modify the nutritional value of the refined wheat products, while largely retaining the
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same sensory qualities and consumer appeal. This is a better strategy than adding ingredients to
improve fibre content like bran, wholegrain meal, legumes, gums, etc. In pasta, a meta-analysis of
66 studies where pasta was fortified to improve its nutritional value showed that enrichment levels up
to only 10% can be tolerated before sensory properties are compromised, which will limit potential
fibre improvement by this route [6].

Resistant starch (RS), which is that fraction of dietary fibre that escapes digestion and absorption
in the upper gastrointestinal tract and flows to the large intestine, serving as a substrate for resident
bacteria, has the potential to improve dietary fibre in foods. RS has been found to have many benefits
in foods such as lowering glycaemic index, promoting satiety, prebiotic, hypocholesterolaemic, and
more [7,8]. Several commercial sources of RS are available (Hi-maize, CrystaLean®, Novelose®,
Amylomaize VII and others) to increase the dietary fibre (DF) of foods [8]. These have several
advantages over conventional fibres being white, with bland flavour and of fine particle size, low
calorie content with total dietary fibre (TDF) over 20%, absorb little water and can be more stable
in food processing. Commercial sources of RS have been added to pasta and up to 10–20% can be
incorporated, depending on the source, with some impact on sensory appeal while increasing fibre
among other benefits [9–12]. However, an alternative to adding commercially synthesised RS is to
elevate the natural levels of RS in the wheat, which are likely to be less expensive and more acceptable
to consumers, being “natural” sources of high fibre.

As the increase of amylose in the grain has been associated with increased RS [13,14] and
because of the association with reduced starch digestibility and increased fibre with many potential
applications in food, the development of high amylose cereals was stimulated. In the last fifteen
years, wheat scientists, targeting starch biosynthesis by plant genetics tools, have developed new
lines in which amylose/amylopectin ratio results have been almost reversed compared to the normal
starch [15–20]. In the durum wheat Svevo, the transgenic silencing of a single key enzyme (starch
branching enzyme IIa-SBEIIa) increased amylose up to 75–80% vs. the 25–30% in the control [19].
SBEIIa is a transglycosylase enzyme that catalyzes the formation of α-1,6 branches within amylopectin.
Hazard et al. [21] described a durum wheat line in which mutating the gene coding the same enzyme,
resulted in a modest increase of amylose content in the starch. In one of the durum wheat lines, used
in this work, the gene SBEIIa was knocked-down by a successful non-transgenic technology named
TILLING [19]. TILLING is a reverse genetic approach that combines the use of mutagenesis (to increase
the genetic variability) and molecular high throughput techniques (to identify mutations in target
genes). The semolina of the new Svevo derived line (Svevo SBEIIa) reached 55% in amylose (on total
starch) and resistant starch was found to be increased by up to 6.5%. Several authors have reported a
significant increase in amylose consequent to the suppression of another enzyme, the starch synthase
IIa (SSIIa), essential for the elongation of amylopectin chains [22,23]. In the SSIIa null wheats, the
composition of the whole seed is altered [22]. Here, the modest increase in amylose is accompanied
with a severe decrease in starch content and a large increase in total fiber. These characteristics open
interesting possibilities for the production of new healthy foods [24].

The purpose of this work was to assess the pasta quality and glycaemic index of two novel,
non-transgenic durum wheats with elevated levels of amylose in their endosperm with a view to
showing the potential for reducing the glycaemic index of pasta while maintaining acceptable pasta
technological properties.

2. Materials and Methods

2.1. Plant Materials

Durum wheat lines Svevo SSIIa and Svevo SBEIIa (referred to as SSIIa and SBEIIa) were previously
produced [19,22]. The two lines along with the control (durum wheat cv. Svevo) were grown in open
field at the Experimental Farm of the University of Tuscia, located in Viterbo, Italy (lat. 42◦26′ N, long.
12◦04′ E, altitude 310 m a.s.l.) in two different seasons: Svevo SSIIa along with Svevo in the season
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2015–2016, whereas Svevo SBEIIa along with Svevo in the season 2016–2017. Nitrogen fertilization
(180 kg ha−1) was split into three applications: the first was given before sowing as di-ammonium
phosphate (20% of total N applied), the second when the first node was detectable above ground as
urea (50% of total N), and the third 25 days later as ammonium nitrate (30% of total N). Weather data
show a typical pattern at this location (Supplementary Table S1).

2.2. Sample Preparation and Analytical Methods

Wheat was cleaned, conditioned to a water content of about 16.5% and left to moisten overnight.
Standard milling was performed in a Buhler MLU 202 mill (Buhler, Utzwil, Switzerland) with three
breaking and three sizing passages [25]. Semolina protein was determined by Dumas combustion
using a Leco TruMax CN combustion nitrogen analyser (Leco Corp. St. Joseph, MI, USA) calibrated
with sulfamethazine [26]. Semolina moisture was determined by the approved Method 44–15A [25].
Swelling power was measured as described elsewhere [27] in duplicate. The amylose content of the
semolina, and resistant starch and total starch content of ground pasta (coffee grinder, sieved across
a 250 μm screen) were assayed in duplicate using Megazyme kits (Deltagen Australia, Melbourne,
Australia). Starch gelatinization parameters (enthalpy, onset, peak and end temperature) were
performed on isolated starch as described previously [28] except the temperature was ramped up to
120 ◦C at 10 ◦C/min. Flour water absorption, adjusted to 14% mb (FWA, 14% mb) was determined
using a MicroDoughLAB (Perten Instruments, Australia) fitted with a 4-g bowl, mixing at 120 rpm to
target peak 650 FU in duplicate [25]. The particle size distribution of the semolina was measured using
a vibratory sieve shaker (Fritch, Analysette 3 sparatan, Germany) adjusting the amplitude to 2.0 mm
with a run time of 3 min using screens of apertures 500, 425, 315, 250, and 180 μm and the amount
retained on each screen was collected and weighed.

2.3. Pasta Preparation and Evaluation

Spaghetti was prepared as previously described [29] but with adjustment to water added to make
the dough based on the water absorption of the semolina to account for the higher water absorption
of high amylose flours [30]. For 1 kg of semolina, the amount of water added for Svevo was 290 mL;
SSIIa 333 mL and SBEIIa 349 mL. Dough blends were prepared in a premixing chamber for 15 min
then the dough transferred to a pasta extruder fitted with a 1.82 mm spaghetti die (Appar Laboratorio,
Rome). Wet spaghetti was transferred to a drying cabinet (TEC 2604, Thermoline Scientific Equipment,
Smithfield, Australia) and dried using drying program up to maximum 65 ◦C. Dried pasta was stored
in sealed plastic bags at room temperature until required for analysis.

All pasta samples were cooked to their fully cooked time (FCT), the time taken for the central starch
core to disappear [25] and assessed for texture (cooked firmness, overcooking tolerance (100 × [firmness
at FCT-firmness at FCT plus 10 min overcooking/firmness at FCT], stickiness), cooking loss and water
absorption as described previously [31]. For firmness and overcooking tolerance, 12 replicate tests were
performed per sample, for stickiness, a minimum of four replicate analyses per sample, and for cooking
loss and water absorption of pasta, duplicate analyses were collected. The colour of uncooked 7 cm
spaghetti strands aligned to minimize air spaces enough to cover the Minolta Chroma meter CR-410
detector (Biolab Australia, Sydney) was performed with a minimum of 4 replicate readings calibrated
with white tile supplied by manufacturer. Measurements were L* (brightness, 100 = white; 0 = black),
a* (positive value is redness and negative value is greenness), and b* (positive value, yellowness;
negative value, blueness). A commercial sample of wholemeal spaghetti was used for comparison
(15% protein, 62% carbohydrate, 3.5% fat and 9% dietary fibre).

2.4. In Vitro Starch Digestion of Pasta

Starch digestion of the samples was determined based on previous work [32]. Six pasta strands
(typically 35–50 mm in length) for each sample were cooked in 36 mL of RO water to their FCT
then cooled in water and trimmed to ~5 mm length. About 9–12 pieces were added (to standardize
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digestions 90 mg of starch was subject to digestion) to three 100 mL conical flasks (2 replicates samples
and one control—no enzymes added) to which 6 mL of pre-heated RO water was added and 5 mL
of pepsin solution (1 mg/mL in 0.02 M HCl) except for control with 0.02 N HCL added. Flasks were
incubated with shaking at 1400 rpm for 30 min in a water bath held at 37 ◦C. To terminate the reaction,
5 mL of 0.2 M sodium acetate buffer (pH 6.0) was added to each flask followed by addition of 5 mL
α amylase/amyloglucosidase (AA/AMG) solution and 5 mL of buffer to controls then incubated for
360 min at 37 ◦C. During the incubation, at intervals, a 0.1 mL aliquot was removed from the reaction
mixture and mixed with 0.9 mL of ethanol (to terminate the enzyme reaction). This mixture was assayed
for glucose using the Megazyme GOPOD reagent kit as per instructions. Absorbance at 510 nm was
recorded using a UV mini −1240 Spectrophotometer (Shimadzu). Glucose content (mg/mL) = corrected
sample absorbance (test sample absorbance–control absorbance)/absorbance glucose standard.

The starch digested (%) was calculated as:

Glucose content × 10 × 21 × (162/180) × (100/90)

where 10 is the dilution factor (0.1 mL of reaction mix added to 0.9 mL ethanol), 21 the dilution factor
(1 mL to 21 mL reaction mix), 162/180 the molecular weight ratio when converting from starch to
glucose, 90 the quantity of starch present in reaction mix in mg, and 100 to convert to %.

2.5. In Vivo Glycaemic Index (GI) Testing

This measurement was contracted to SUGiRS laboratory (Sydney University glycaemic index
research services, https://www.glycemicindex.com/testing_research.php). In brief, 10 healthy subjects,
non-smoking, aged 19–46 years with an average body mass index of 21.5–22.1 kg/m2 within the healthy
range, were selected for the study on two separate occasions (samples Svevo 2016 and SSIIa pasta
tested in 2017 and Svevo 2017 and SBEIIa pasta tested in 2019). The reference food and two pasta
samples were served to participants (who had fasted overnight) in fixed test portions containing
50 g of available carbohydrate. Pure glucose (Glucodin™ powder, Valeant Pharmaceuticals, NSW)
dissolved in water was used as a reference food and was consumed by each participant on three
separate occasions, but participants only consumed the test pasta on one occasion. Each test portion of
pasta was prepared shortly before being required by weighing appropriate amount of dry pasta and
cooking in boiling water to FCT, drained, rinsed under cold water and then served to a participant
with a glass of 250 mL of water. Participants were required to consume all food and fluid served.

A fasting blood sample is collected and then the test or reference sample consumed after which
additional blood samples are collected at regular intervals over the next 2-h period. The same procedure
is repeated in the same group of people on another day after they have consumed a portion of the
reference glucose. The glucose was consumed on the first, third and fifth test sessions and the pasta
samples were consumed in random order in between. The night before each test session, participants
ate a regular evening meal based on carbohydrate-rich food and then fasted for at least 10 h overnight.
Blood samples collected were centrifuged for 45 s immediately after collection and the plasma layer
removed and stored at −20 ◦C for later analysis. Plasma glucose was measured in duplicate using a
glucose hexokinase assay and clinical chemistry analyser. A GI value for the test pasta is calculated by
expressing the 2 h blood glucose area under the curve for the test pasta as a percentage of the area
produced by the glucose (GI = 100).

2.6. Statistical Methods

Data were analysed using the statistical programme GenStat version 17.1.0.14713 with a generalised
linear model and the means were tested for significant differences by the least significant difference
statistic (LSD), p < 0.05. Data were checked for normality and a Pearson correlation analysis was
performed to examine the relationships between measured parameters.
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3. Results and Discussion

3.1. Impact of Elevated Amylose on Pasta Technological Properties

Given that the high amylose samples were developed and field trialled in different years, Svevo as
control was grown in both the 2016 and 2017 seasons to be control for the SSIIa and SBEIIa, respectively.
Typical amylose contents of durum wheat range from 26% to 32% [33] but this can vary with seasonal
conditions with Svevo amylose in this range (Table 1). As previously demonstrated, the elimination of
SSIIa and SBEIIa in durum wheat by mutations created in the SSIIa and SBEIIa genes results in seeds
with a higher amylose content compared to the wild type ones [19,22,34] as we obtained (Table 1),
with amylose in SSIIa increased by ~29% and in SBEIIa by ~72% compared to Svevo. Similar results
were obtained in bread wheat [20,35]. The elimination of starch biosynthetic enzymes can cause a
reduction in starch synthesis and reduced seed weight and the total starch in the pasta of the high
amylose (HA) genotypes (SSIIa and SBEIIa) was decreased significantly (Table 2). The protein content
of the Svevo semolina differed only slightly across the two growing seasons while HA genotypes
showed higher protein content than their corresponding Svevo (Table 1) probably due to the starch
reduction and smaller grains (data not shown). This would explain the higher grain protein content of
the HA lines as observed in other HA material [36]. Botticella et al. [23] reported a smaller grain weight,
25–45% reduction in starch content and concomitant increase in protein in the genotype Svevo SSIIa.
Hogg et al. [35] also reported higher grain protein, lower starch content and kernel weight, and lower
swelling power in their SSIIa triple mutant, consistent with our results for Svevo SSIIa.

It is known that the ratio of amylose to amylopectin affects the water absorption of flour [30,37]
and this needs to be determined to optimise the water addition for pasta preparation. Both HA
semolina’s have a much higher water absorption than Svevo (Table 1) with SBEIIa being a few percent
higher than SSIIa. A similar behaviour was observed with waxy wheat flour [30], that attributed the
increase in water absorption to the higher dietary fiber content of HA starch. While total fibre was
not measured in the SSIIa genotype, it was significantly higher in SBEIIa compared to Svevo (Table 1).
However, the increase in the resistant starch content of the HA pasta was significantly higher than
Svevo genotypes (Table 2) supporting the increased fibre content of the HA genotypes as RS is a fibre.
The SBEIIa has a much higher RS content than SSIIa pasta with both having a 35- and 2.8-fold increase
above Svevo, respectively. The semolina swelling power of both HA lines were lower than Svevo
(Table 1). It is known that this parameter is negatively correlated with the amylose content because
amylopectin is responsible for the starch swelling and amylose acts as a diluent [38,39]. These changes
are expected to have an impact on pasta texture.

Pasta in the form of spaghetti, a common shape consumed worldwide, was evaluated for its
colour, cooked texture, and cooking quality parameters, which are important to consumers of pasta.
Pasta cooking quality can be assessed for features typical of good quality pasta which should be
firm and resilient, with minimal cooking loss and surface stickiness and increase in volume after
cooking to provide an acceptable mouthfeel. The yellowness of pasta is of aesthetic importance for
consumer acceptance and marketing whereas redness and brownness are considered undesirable [40].
The appearance of the pasta (Figure 1) shows both HA pastas have a very similar appearance to the
Svevo. SBEIIa was duller while SSIIa was closer to Svevo in visual colour but a little darker (duller).
In contrast, a commercial wholemeal pasta example appears much darker, red and more grainy.
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SBEIIa Svevo 2017 SSIIa Wholemeal 

Figure 1. Spaghetti appearance of genotypes compared to commercial wholemeal pasta. From left to
right SBEIIa, Svevo 2017, SSIIa, Commercial Wholemeal.

Analysis of the colour parameters of the dry pasta show the HA samples are a little duller (lower
L*), with more redness (+ve a* values) and are less yellow than their Svevo pasta controls (Table 2)
consistent with the visual appearance. There were subtle differences between Svevo in 2016 and
2017 seasons and this is due to environmental effects on colour of pasta or semolina [41]. The SBEIIa
semolina was duller and appeared to be browner than Svevo and SSIIa. This could be related to the
higher ash content, as noted for HA durum [24]. Indeed, we found higher ash contents in the HA
semolina compared with Svevo, consistent with the higher amylose content correlated to lipid amount
(Table 1). The duller HA pasta is likely due to their higher protein content since noodle brightness is
negatively correlated to protein content [42] but also more bran flecks in the semolina. Clearly the HA
pasta have a much more desirable appearance than the commercial wholemeal example we selected
from local supermarket, which is much redder, duller, and less yellow. In agreement with our results,
Hazard et al. [43] observed a deterioration in pasta color made from high-amylose semolina from
SBEII mutants.

Pasta cooking time is affected by the shape, diameter and density of the strand and cooking
method, which were controlled in this study. Cooking time is very much influenced by the rate of
water migration into the strands and degree of starch gelatinisation, which can be affected by starch
composition and starch swelling [39,44]. Both HA pasta had reduced FCT with SSIIa having the lowest
(Table 3). This is most likely due the HA pasta having less starch to gelatinise, although this does
not explain why SSIIa has shorter FCT than SBEIIa. It is likely the reduced starch swelling (lower
swelling power, Table 1) caused by less amylopectin is responsible since it would allow more rapid
gelatinisation (lower onset) and shorten cooking time.
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Indeed, onset gelatinisation (Tonset) of HA pasta was at a lower temperature for SBEIIa but
~6–7 ◦C lower for SSIIa (Table 4), while end set gelatinisation (Tend) was much higher for the HA
pasta’s especially SBEIIa. Lower gelatinisation enthalpy (ΔH) and greater gelatinisation range for high
amylose mutant starches compared to the corresponding wild-type control in material with a wide
range in amylose content (36–93%) has been reported [28] confirming our results. We found in the
Svevo HA pasta no significant decrease in enthalpy, although it tended to decline but a very wide
range in gelatinisation temperature compared to Svevo.

Table 4. Starch gelatinisation properties of genotypes.

Tonset (◦C) Tpeak (◦C) Tend (◦C) Enthalpy (J/kg)

Svevo 2017 52.76 ± 0.46 b,c 59.51 ± 0.47 a,b 66.78 ± 0.05 a 11.71 ± 0.38 b,c

Svevo SBEIIa 52.27 ± 0.19 b 65.49 ± 0.23 d 88.83 ± 0.23 d 7.92 ± 1.40 a,b

Svevo 2016 53.66 ± 0.56 c 59.91 ± 0.19 b,c 67.81 ± 0.53 a,b 10.91 ± 1.42 a,b,c

Svevo SSIIa 47.04 ± 0.08 a 60.93 ± 0.40 c 69.57 ± 0.18 c 7.23 ± 1.50 a

Numbers in the same column with different superscript letters indicate significant differences (p < 0.05).

The texture analyser compression test tries to evaluate the sensory equivalent of the “first bite”
(compression of the strand by the incisors) and the force versus time curve provides two parameters,
the height at the peak force and the work to cut or area under the peak (Figure 2). Pasta firmness peak
height for the HA lines was reduced compared to Svevo while area under the compression curve was
lower in SSIIa compared to its control, but not for the SBEIIa and its control (Table 3). Firmness is
correlated to protein content [45,46] and one would expect a higher firmness in the HA pastas. However,
adjustment for this shows that peak height/protein (PH/P) for the HA pastas was still significantly
lower than the Svevo controls while both HA pasta had similar firmness with SBEIIa significantly softer.
While the protein content of the two Svevo semolina samples was almost identical, pasta firmness
was lower for Svevo 2017 as other factors come into play, affecting firmness beyond experimental
error. The HA pastas have less amylopectin, which would reduce swelling, and this was noted in
significantly lower pasta swelling (Table 1) or water absorption (Table 3). Reduced swelling and
higher protein content would be expected to make the cooked firmness increase [47] but the opposite
occurred. This was in contrast to what has been observed in other works, where an increased firmness
was reported in pasta prepared with high amylose semolina [24,37,43,48]. However, Aravind et al. [9]
added commercial RSII or RSIII to pasta with no clear effect on pasta firmness. Sozer et al. [44] added
green banana with high RS to pasta with no effect on hardness. It is not easy to explain these differences,
but sample differences and methods of assessing firmness could be explanations. It is also possible this
type of measurement does not reveal the full impacts of high amylose starch in pasta and perhaps a
better measure would be the elasticity of the pasta.
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Figure 2. Typical profile for firmness measurement of HA and control genotypes.

Typically consumers overcook pasta and this leads to a reduction in firmness as any ungelatinised
starch in the central core becomes fully gelatinised and the pasta can swell more making it softer.
The overcooking tolerance or resistance to firmness reduction is a good measure of tolerance and pasta
should resist overcooking while still retaining al dente (having some firmness to the bite), and the
lower this value, the more tolerant the pasta is to firmness loss due to overcooking, which is desirable.
There were small but significant differences between the pasta with SBEIIa having the best tolerance,
while the SSIIa pasta overcooking tolerance was not different to its Svevo control (Table 3). Hogg and
colleagues [24] noted its high amylose durum (SSIIa null) was found to be more resistant to overcooking
compared with the wild type while our Svevo SSIIa pasta had same tolerance to Svevo 2016.

There was a tendency for the HA pastas to have reduced stickiness with SSIIa pasta having lower
area, but not significantly different peak height, although tending to be lower, compared to Svevo.
While SBEIIa showed the opposite trend with a lower peak height, but not area compared to its Svevo
control. Both HA pastas had equivalent stickiness. Soh et al. [37] using reconstitution studies found no
change in pasta stickiness made from high amylose maize starch (27–74% amylose), whereas lowering
the amylose content (from 23% to 0.7%) makes pasta stickier [49]. Aravind et al. [9] added commercial
RSII and RSIII to pasta formulations and found no impact on pasta stickiness. Both HA pasta had
significantly higher cooking loss than their Svevo controls with no significant difference between SSIIa
and SBEIIa pasta (Table 3). However, the magnitude of the cooking loss is at an acceptable level (7–8%).
A higher cooking loss was observed in SBEIIa nulls by Hazard et al. [43], but again they report around
6.4–6.7% results, similar to our own. The higher cooking loss could be related to the higher amylose
content and its ability to leach out of the pasta during cooking [43], but this did not lead to increased
pasta stickiness. Higher amylose in the pasta also affected water uptake in the pasta being significantly
lower than the respective Svevo controls. This could be related to the reduced tendency for HA starch
granules to swell as they contain less amylopectin and have tightly packed granules that are more
resistant to swelling [50].

Overall, the HA pastas show slightly reduced firmness and increased cooking loss with inferior
colour to Svevo but with reduced FCT and slightly lower stickiness. In conclusion, both highlight an
acceptable quality. The colour may be an issue and require further breeding to improve but these
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HA pastas are superior to the commercial wholemeal pasta chosen for comparison. Nevertheless,
the HA pasta improves RS and hence dietary fibre by 128% without the need for adding bran and
would achieve more consumer acceptance being similar in appearance to regular, normal amylose
content pasta. The nutritional value of pasta from both HA lines are improved in terms of their increase
in resistant starch, which is a fibre, and lowering of the GI (for SBEIIa), see below. The total dietary
fibre content of Svevo 2017 and SBEIIa were measured and showed significant increase with SBEIIa
consisting of 67% insoluble and 33% soluble fibre (Table 1). In every 100 g dried pasta cooked, there is
5.7 g total dietary fibre which meets 23–19% of the recommended fibre daily requirement (2–30 g/d)
(https://www.nutritionaustralia.org/national/resource/fibre). Further work is required using a trained
sensory panel to determine the differences between the pastas and a consumer panel to determine the
preferences for the four different pastas (standard, SSIIa, SBEIIa, wholemeal).

3.2. Impact of Elevated Amylose on Pasta In Vitro Starch Digestion

The HA pasta’s had elevated RS compared to Svevo, with SBEIIa achieving a 35 fold increase
relative to Svevo 2017 while SSIIa achieved a 2.8-fold increase relative to Svevo 2016 (Table 2). Elevation
of RS content in endosperm can be achieved by reducing SSIIa activity, enhanced GBSSI activity or
hindered SBEII activity [51]. We were interested to know the starch digestion kinetics of the HA pasta
samples that allows to quantify rate and extent of digestion which can be achieved using an in vitro
method. Based on other studies [52,53], we expect a reduction in the extent of starch digestion in
the HA pastas compared to Svevo. Typical starch digestion curves over the 360 min digestion are
shown in Figure 3. Initially, digestion is rapid with little difference between the pastas up to ~30 min,
followed by a lower rate with the data following an exponential curve. Up to 50 min into the starch
digestion, only SBEIIa was showing signs of slowing its rate and this continued reaching a lower final
digestion compared to Svevo. The curves for the two Svevo pasta’s overlap, as expected while SSIIa
and especially the SBEIIa, show lower rates and extent of digestion. For example, after 250 min <40%
of starch was digested for SBEIIa while ~70% is digested in Svevo and ~58% in SSIIa. These plots are
typical for pasta and the slow starch digestion in pasta is due to the compact microstructure of pasta
and because the starch is embedded in a gluten matrix [32,54].

 

Figure 3. Digestibility curves obtained for cooked pasta of HA and control genotypes digested by α

amylase/amyloglucosidase.

77



Foods 2020, 9, 693

The transformation of the data into logarithm of slope plots reveals two distinct linear steps where
~20–40% of starch is digested in the first phase which is faster (k1) and the remainder of the starch
digested in a second stage, with a slower rate constant (k2) (Table 5). The areas under the curves (AUC)
allow a comparison of the extent of starch digestion in the pasta samples and slower digestion would
appear as lower AUC values. The AUC values reflect these changes and can be normalised to the
AUC in Svevo 2016. For the two Svevo samples, the k1 and k2 values are very similar as are the AUC
and shows that despite different growing season, this did not impact on starch digestion significantly.
However, both HA samples have significantly lower AUC than Svevo controls with SBEIIa having
the lowest AUC by a significant margin (Table 4). Interestingly, k1 and k2 values for SBEIIa are faster
than all samples but the extent of digestion (C∞ %) is much reduced, suggesting that what is available
for digestion is more rapidly digested and that not digested is resistant starch. To the best of our
knowledge, there are no in vitro studies focused on the digestion of high amylose pasta.

Table 5. Kinetic parameters of digestibility of different pasta products.

Pasta
Total Area under
Digestion Curve

Normalised
Area

C∞% I k1 C∞% II k2

Svevo 2016 19,851 a 1.00 38.9 0.02756 83.2 0.00654
Svevo SSIIa 18,652 b 0.94 35.4 0.02554 81.0 0.00574
Svevo 2017 20,572 a 1.04 (1.00) 37.2 0.02670 87.1 0.00615

Svevo SBEIIa 12231 c 0.62 (0.59) 24.3 0.03470 45.2 0.00831

Numbers in the same column with different superscript letters indicate significant differences (p < 0.05). k1 and k2
refer to starch digestion rate constants at each phase; C∞ % I and C∞ % II refer to estimated % of starch digested at
each phase.

Hoebler et al. [55] showed that bread rich in amylose had a lower starch degradation compared to
control bread. Corrado et al. [56] reported that the starch amylolysis rate and extent were lower for
SBEIIa/b-AB compared to those of the control. In rice, the starch digestion rate (k) decreased in flour
blend with an increased amount of the HA maize starch [57]. The reason why starch digestibility is
reduced with higher amylose content could be due to the strong interaction among the linear polymers
of amylose (retrogradation) and between amylose and lipids that results in complex formation on the
surface of starch granules [58].

3.3. Impact of Elevated Amylose on Pasta In Vivo Starch Digestion and Glycaemic Index

The best measure of a foods glycaemic index is to perform a test with human subjects. The GI
test was developed to rank equal carbohydrate portions of different foods according to the extent
to which they increase blood glucose levels after the test food is ingested and glucose moves from
the intestines into the cardiovascular system. High GI foods are rapidly digested and this produces
a sudden and large spike in blood glucose followed by a sharp fall, often achieving a lower blood
glucose than basal (pre-ingestion) glucose. In contrast, a low GI food is more slowly digested and this
results in a more gradual and lower elevation of blood glucose. Dieticians are using food GI values in
planning diets suitable for people with diabetes. Long term epidemiological studies have shown that
consumption of high GI impact foods which causes surges in blood glucose and insulin levels, increases
the risk of developing type II diabetes, heart disease, obesity, and certain cancers [59,60]. Therefore,
the development of low-GI foods could assist with the prevention and treatment of these diseases.
In our study, we prepared the semolina and pasta under the same processing conditions, with only
water and semolina in the pasta mix, since these factors can impact a foods GI, so only compositional
differences matter, which in this case is the amount of amylose as the glutenin composition is identical
amongst the genotypes having a glutenin Glu-A1 null, Glu-B1 7 + 8, and LMW-2 (data not shown).

Test meal characteristics are reported in Table 6 with a larger portion size of the HA pasta needed
to achieve equivalent available starch content. Our in vivo GI testing results are depicted in Figure 4
and Table 7. The reference food (glucose) produced a rapid rise in plasma glucose to a high peak

78



Foods 2020, 9, 693

concentration at 30 min then declined reaching below pre-fasting levels after 110–118 min. For the
pastas, the glycaemic responses showed a steady rise and much lower peak maxima accompanied by
a more gentle return to almost basal glucose levels by 120 min. Svevo 2016 and SSIIa pasta showed
similar behaviour in their plasma glucose responses with SSIIa showing slightly lower glucose values
between 50–120 min (Figure 4A). Comparing Svevo 2017 with SBEIIa pasta, again we observed similar
responses in plasma glucose, but this time, the rise in the SBEIIa pasta was lower and glucose was
at a lower level than Svevo 2017 (control) from 15 to 120 min (Figure 4B). Calculation of the mean
(10 subjects) GI values for the samples is shown in Table 7. The reference food’s GI value (100) was
significantly greater than the average GI for both pasta products (p < 0.001). Comparing Svevo 2016
with SSIIa, there was no significant difference in GI (p < 0.05) despite showing a lower GI for the
latter and being significantly lower in the in vitro assay (Table 5). However, comparing Svevo 2017
with SBEIIa, there was a significantly lower GI in the latter by 10 units. There was no difference in GI
between the two Svevo pasta samples, showing that seasonal conditions had no real impact on pasta.

GI (p = 0.015) as was noted for the in vitro data. This is the first report of pasta made from
100% durum wheat with a reduction in the GI due to genetic difference in the amylose content.
Previous studies have indicated that elevated amylose contents are associated with higher levels of
resistant starch in wheat based products (bread and rusks) that induce lower postprandial glycaemic
responses [61]. Foods with a GI < 55 are considered to be low-GI foods, which includes all the four
pasta samples but the SBEIIa has an even lower GI which is a good achievement.

Table 6. The weight and carbohydrate contents of the test portions of the reference food (glucose) and
the HA and control pasta products, calculated using manufacture’s data.

Test Food
Available Carbohydrates

for 100 Grams (g)
Portion Size (g)

Available Carbohydrates
in Test Portion (g)

Glucose (ref.) 97.30 51.4 g glucose
250 mL water 50.0

Svevo 2016 64.19 77.9 g dry pasta 50.0
Svevo SSIIa 57.35 87.2 g dry pasta 50.0
Svevo 2017 74.05 67.5 g dry pasta 50.0

Svevo SBEIIa 65.27 76.6 g dry pasta 50.0

Table 7. Glycaemic index (GI) and glycaemic load (GL) of the reference food and the two pasta samples.

Pasta Sample (Amylose%) GI GL

Svevo 2016 (33) 52 ± 3 a 17
Svevo SSIIa (44) 49 ± 3 a 14

Glucose 100 ± 0 b

Svevo 2017 (32) 48 ± 4 a 18
Svevo SBEIIa (58) 38 ± 3 c 12

Data are mean ± SE. Values with alike superscript letters in the same column are not different, p < 0.05.
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(A) 

 
(B) 

 

Figure 4. The average plasma glucose response curves (n = 10 subjects) for the equal-carbohydrate
portions of the reference food and the two pasta products. (A): Svevo 2016 and Svevo SSIIa; (B): Svevo
2016 and Svevo SBEIIa, shown as the change in plasma glucose from the fasting baseline level.
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There were significant correlations between amylose content, resistant starch, in vitro AUC with
each other and importantly, with in vivo GI (r 0.90–0.93, p < 0.05) but sample size is understandably
low due to the high cost of GI testing. Nevertheless, we feel these correlations would prevail even
if sample size increased markedly. The higher the amylose, the more resistant starch and the lower
the in vitro AUC and extent of digestion. The lower the AUC determined in the in vitro assay the
lower the GI with a good prediction (r 0.93). This correspondence between the in vitro and in vivo
methods has been shown elsewhere [62]. For more practical purposes such as food consumption, if the
amount of these pastas consumed exceeds 50 g, it is better to determine the glycaemic load (GL) value
for any sized carbohydrate-containing food. GL = [(GI × amount of available carbohydrate in the
portion (50 g) of pasta)/100] and the lower the better, these are shown in Table 7. Dietary intervention
studies show that the digestibility of high amylose starch is generally lower than normal starch [28].
As such, foods containing high amylose starch, like the two pastas described here, should help reduce
the risk of developing type 2 diabetes. The development and commercialisation of high amylose
wheat-based products will allow new products with higher fibre and better sensory acceptability than
current wholemeal and wholegrain wheat products designed to increase fibre. Recently, Corrado [56]
reported a semolina pudding made from a SBEIIa durum wheat mutant with resistant starch content
of ~5%, digested more slowly and to a lesser extent by in vitro test than wild type control. However,
they found no difference in the foods GI. Pasta is a low GI traditional Italian food with a crucial role
in Mediterranean diet. Pasta consumption has been associated to beneficial effects for human health
compared with higher-GI dietary foods. Recently, in a study [63], it has been reported that pasta
consumption, in the context of low glycemic index dietary patterns, has no negative effect on body
weight and mass. Here, the in vitro and in vivo studies demonstrated that the nutritional value of the
pasta was significantly improved with a further reduction of the glycemic index in one of the HA pastas.
As the consumption of pasta is constantly growing not only in developed but developing countries,
the HA durum wheat genotypes open interesting perspectives in the use of HA pasta products as a
vehicle for the prevention of serious non-transmissible diseases, such as colon cancer, type 2 diabetes,
and cardiovascular disorders.

4. Conclusions

This is the first study of the glycaemic response of pasta prepared from SBEIIa and SSIIa durum
wheat mutants with elevated amylose and resistant starch content in a processed pasta food matrix.
While the SSIIa mutant increased amylose content, it did not significantly lower spaghetti GI while the
SBEIIa mutant, with higher amylose and resistant starch content in the spaghetti, did lower GI. This
suggests that a minimum amylose or resistant starch content is needed before GI is lowered in the
spaghetti food matrix. We suggest a minimum RS content in spaghetti of ~7% which corresponded to
an amylose content of ~58% is needed to lower GI. Both the HA pastas provide higher dietary fibre and
resistant starch compared to Svevo and have minimal impacts on pasta technological properties. While
the colour of the HA pastas were inferior to Svevo, they were much closer to 100% durum semolina
pasta than a typical commercial wholemeal pasta. However, detailed sensory analysis is needed to
determine consumer acceptability of this spaghetti. Further evaluation across more environments
could be useful. It might then be necessary to further develop the mutants by crossing to improve some
of the minor quality deficiencies, but they would have to be re-evaluated for GI and other benefits
in future studies, e.g., satiety and long term glyacemic benefits. Compared to typical commercial
wholemeal pasta, these HA pastas would be much more visually appealing while providing additional
nutritional benefits.
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Abstract: In the 2011–2012 season, variable-rate nitrogen (N) fertilization was applied two times
during durum wheat vegetative growth in three field areas which differed in soil fertility in northern
Italy. The quality traits of the mono-varietal pasta obtained from each management zone were
assessed in view of site-specific pasta production for a short supply chain. To this purpose, semolina
from cv. Biensur obtained from management zones with different fertility treated with N at variable
rate was tested in comparison with a commercial reference (cv. Aureo) to produce short-cut pasta.
Biensur semolina demonstrated to have technological characteristics positively correlated with the
low-fertility zones treated with high N doses (200 and 200+15 kg/ha) and, to a lesser extent, with the
high-soil-fertility zones (130 and 130 + 15 kg/ha of N). The lower quality parameters were obtained
for pasta produced with wheat from medium-fertility zones, independently of the N dose applied.
The derived pasta obtained from the low-fertility zones treated with high N doses had cooking and
sensory properties comparable to those of pasta obtained using the reference cv. Aureo. These results
are explained by the higher amounts of gluten proteins and by a higher glutenin/gliadin ratio in
semolina, which are indicators of technological quality. Overall, the results indicate that segregation
of the grain at harvest led to the production of semolina with higher protein content and, hence, to a
higher pasta quality. Therefore, site-specific pasta could be a potential asset for a short supply chain,
aiming to improve traceability and environmental and economic sustainability.

Keywords: durum wheat; precision harvest; pasta quality; pasta short chain

1. Introduction

The key determinants of durum wheat flour quality are the quantity and the quality of gluten
proteins. These traits are genetically determined but are also influenced by the climatic conditions and
the fertility of a cultivated soil. Northern Italy represents the limit for cultivation of durum wheat
in Europe, since in this environment, high-quality standards (i.e., protein content) can be achieved
by increasing nitrogen (N) inputs, albeit posing environmental risks [1,2]. In particular, in northern
Italy, high rainfall associated with shallow water table conditions and alkaline soils increases the risk
of N pollution in water and air [3]. In addition, in uniformly managed fields, high yielding areas or
areas with low plant-available soil N may result in low grain protein content due to smaller amounts
of available N per kg of grain yield [4].

Recent advances in precision agriculture offer new potentialities to meet grain quality standards.
Econometric analyses have shown that the gross income of wheat can be maximized by the combination
of variable-rate N fertilization (VR-N) with specific quality criteria [5]. VR-N can in fact reduce the
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risk of low yields by increasing the probability of maintaining the quality of wheat to the appropriate
standard [6].

The amount of protein in grains is an essential parameter for obtaining excellent economic
results [7], especially when there are contracts that recognize a quality award. The possibility of
carrying out a precision harvest of wheat based on its different quality (i.e., protein content) in the
field can be a useful system to achieve the protein requirements established by these contracts [8].
In the two-year experiment on VR-N carried out in a previous study [2], only high N input sandy areas
met the standard necessary to be eligible for the premium-quality grain protein content (i.e., 13.5%).
Conversely, the average protein content of the entire field was always lower the premium threshold.

The variability of protein content within a field is often huge, justifying the possibility of segregating
grains of greater or lesser quality. This procedure can be done at post-harvest in the farm using specific
sensors [9–11]. Regarding the pre-harvest segregation procedure, it requires the collection of previous
information on the quality and yield of cereals [12,13], which could be inferred on the basis of data
on management areas for farmers who apply VR-N [14], such as those collected by proximal sensing
sensors (e.g., Normalized Difference Vegetation Index).

Another approach for precision harvesting is to use on-the-go sensors, such as Near-Infrared
Reflectance mounted on combine harvesters, which allows the analysis of the percentage of protein
during grain flow [9,15]. These sensors could potentially allow to automatically separate wheat grains
based on their protein (% N) content [16] and thus are encouraged to be adopted.

Though different authors have demonstrated that high profits could be achieved by separating
different grain qualities during harvest [17], a study evaluating the effect at field scale on pasta quality
of spatial variability and the feasibility to produce “site-specific” pasta for a short supply chain is
still lacking. The environmental impact of the entire pasta production cycle, from field to packaging,
has been reviewed [18]. The authors highlighted that the production of grain (i.e., wheat cultivation)
and semolina were the sub-processes that mostly impacted on the environment. Moreover, under
a recent Italian decree [19], the origin of the durum wheat grains used in pasta production must be
declared. In light of this, an advantageous strategy would be to promote local, short food supply
chains in order to improve environmental and economic sustainability [20]. The idea of implementing
a short supply chain by adopting selective harvesting strategies was first put in place in the Australian
wine market [21]. These authors were able to identify two harvesting zones in a Cabernet Sauvignon
vineyard by the use of remote sensing technologies [21]. By segregating grapes in two bins, they
produced wines of different quality and, correspondingly, prices. However, a study [22] questioned the
scale at which to apply precision harvesting in order to achieve commercial-scale vinification. Bramley
and collaborators [23] confirmed the benefits provided by precision harvesting even when grape and
wine production is oriented toward large vinification volumes.

In a previous work, we performed an experiment of VR-N on durum wheat in northern Italy
with the aim to obtain high yields and protein contents, in relation to field soil properties and N
fertilization. According to our previous results, we advanced the hypothesis that protein variability in
grain from different field zones could justify the manufacturing of site-specific pasta as a potential
asset for a short supply chain. On this basis, in the present study the standard quality parameters of
semolina and the corresponding pasta obtained from grain selected in different VR-N management
zones were evaluated.

2. Materials and Methods

2.1. Field Experiment and Grain Production

A field experiment was carried out at the Miana Serraglia farm (NE Italy, 45◦22′ N; 12◦08′ E) (Mira,
Venice, Italy), located close to the Venetian Lagoon, an area classified with a high risk of nitrate leaching
in surface waters and ground waters according to the Nitrate Directive 91/676 [24]. The information
about field measures and soil texture were previously reported [2]. Durum wheat (Triticum durum
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Desf.) var. Biensur (Apsovmenti, Voghera, Italy) was grown in 2010–2011 and 2011–2012. Only grain
samples harvested in the second year (seeding 24 October 2011 and harvest 4 July 2012) were analyzed
in the present work. Weather was characterized by low rainfall and temperature (1.9 ◦C compared to
the 20-year average of 4.1 ◦C) at the beginning of stem elongation, which prevented early N uptake.

2.2. Selection of Different Management Zones and Variable-Rate Fertilization

A total of 120 samples of the top soil layer (0–30 cm) were collected according to a mixed-sampling
scheme [25]. Primary soil properties (texture, bulk density, pH, electric conductivity, organic carbon,
total N, and labile phosphorus) were determined according to a previous study [2]. In addition,
spatial soil electric conductivity (ECa) was measured with an EMI sensor (Geonics EM38DD). Three
management zones (MZs) were delineated, i.e., a high-fertility zone (HFZ), a medium-fertility zone
(MFZ), and a low-fertility zone (LFZ). Fertilization with 130, 160, and 200 kg N/ha using ammonium
nitrate was applied in HFZ, MFZ, and LFZ, respectively. N doses were defined according to a 30-year
model simulation carried out in the three MZs with DSSAT model [26]. Criteria for selecting N doses
aimed to balance the productivity with water quality goals (e.g., low N leaching). At the tillering stage,
a uniform N rate (52 kg N ha−1) was supplied, while VR-N was managed during stem elongation.
Due to the high N amount to be distributed, in LFZ, N application was supplied in two applications to
avoid N losses. At the flowering stage, each zone was split into a control (0) and a treatment area, and
the latter was treated with a UAN (urea–ammonium–nitrate) solution (15 kg N/ha) (Figure 1). Dates
and amount of fertilizations for the 2011–2012 season were previously reported [2].

Figure 1. Map of the different fertility zones (left), yield (ha; center), and protein content (%, right)
in 2011–2012. In the legend, the N fertilization doses applied were previously reported [2]. HFZ,
high-fertility zone, MFZ, medium-fertility zone, LFZ, low-fertility zone. Data derived from reference [2].

Grain yield was recorded by a yield mapping system (Agrocom CL021) mounted on a combine
harvester (Claas Lexion 460). Similarly, protein content was measured with a NIR spectrometer that
was interfaced to a GPS, as already reported [2]. Crop production ranged from less than 5 t/ha to
more than 7 t/ha (Figure 1), with the low productive areas corresponding to sandier areas. N base
fertilization was a key determinant of crop yield, but also foliar N application slightly increased grain
yield [2]. Protein content fluctuated from less than 10% to more than 15%, mirroring the VR-N areas
(Figure 1). In each of the six combinations of MZs (130; 130 + 15; 160; 160 + 15; 200; 200 + 15) and
flowering fertilization, a composite grain sample of 100 kg was collected for the chemical composition
and pasta analyses.
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2.3. Chemical Composition and Gluten Proteins Quantification of Semolina Samples

Grains of the cv. Biensur samples (130; 130 + 15; 160; 160 + 15; 200; 200 + 15 kg/ ha) of
the 2011–2012 season were ground in an experimental laboratory mill (Buhler MLU202 roller mill;
Germany) in order to obtain refined semolina with particle size similar to that of the reference
control (200 to 350 μm). The reference control was a commercial semolina (cv. Aureo) used for
mono-varietal industrial pasta production. The chemical composition of all semolina samples was
evaluated according to AOAC standard methods [27] for moisture, protein, starch, fiber, fat, and
ash. In addition, the relative quantification of gliadins, high-molecular-weight (HMW) glutenin (GS)
fraction, and low-molecular-weight (LMW) glutenin (GS) fraction was carried out using a protein
sequential extraction procedure [20] followed by quantification using the Bradford assay [28].

2.4. Dough Analyses and Pasta Production

Dough mixing characteristics (water absorption, dough stability, and dough weakening) were
measured in triplicate, by using a Promylograph apparatus equipped with a 100 g bowl (T6, Max
Egger, Austria) according to the approved 54-21 method [29].

Short-cut pasta (tubetti) (Figure 2) made from both the Biensur samples (130; 130+ 15; 160; 160 + 15;
200; 200 + 15) and reference, was produced using an industrial-scale pilot system at the Pavan-Map
Impianti (Galliera Veneta, Padova, Italy). Briefly, pasta samples were prepared in accordance with the
Italian legislation [30] by mixing water and semolina to form a dough with a 30% moisture content.
The dough was processed using a single-screw extruder (FP 70 model, Pavan) under vacuum conditions.
The screw speed was 35 rpm, the cylinder and the extrusion head temperature was 35 ◦C, while the
head pressure was 100 bar. Samples of Biensur (130; 130 + 15; 160; 160 + 15; 200; 200 + 15) and reference
fresh pasta were transferred to the dryer and treated at decreasing air temperatures (from 90 ◦C to
45 ◦C) in a static dryer (SD 100 model, Pavan) to obtain the final moisture content of 11%.

 

Figure 2. Site-specific pasta manufactured in the management zones.

2.5. Pasta Quality Parameters

Optimal cooking time (OCT), defined as “al dente”, was determined by pressing the pasta between
two glass slides at different times during cooking in boiling water and observing the time that the
starchy white core of the pasta took to disappear [31].

Cooking loss (CL) was evaluated according to method 66-50 [29]. The residue obtained by draining
the pasta cooking water was weighted and reported as a percentage of the starting material.

90



Foods 2020, 9, 477

Water absorption (WA) was calculated as the increase in the weight of the pasta after cooking and
expressed as a percentage of the weight of the uncooked pasta.

All analyses were carried out with three individual measurements (replicates).
The firmness of cooked pasta was determined using a Texture Analyser (TA.XT plus, Stable

Micro Systems, UK) according to 16-50 method [29]. A single tubetto (12 mm thick) was oriented
perpendicularly to a knife probe, then compressed at a speed of 0.5 mm/s with a 5 kg load cell. Firmness
was measured as the maximum peak force curve (Newton) required to compress the pasta sample.
The average value of five replicates was reported.

2.6. Sensory Evaluation of Pasta

To assess the acceptability of the mono-varietal pasta made from cv. Biensur obtained from each
management zones, a sensory evaluation was carried out by 15 panel members (9 women, 6 men; ages
ranging from 22 to 40 years) with experience in food evaluation. The pasta samples (130; 130 + 15; 160;
160 + 15; 200; 200 + 15; reference) were cooked “al dente”, drained, and kept warm until serving in
randomized order on plastic plates labelled with random two-digit codes. Panelists were asked to
evaluate color, flavor, and texture (firmness and stickiness) on a five-point scale from 1, low intensity,
to 5, high intensity. They were also asked to score the overall quality of the product based on these
same attributes using the same five-point scale. The attribute scores for each sample and panel member
were subjected to a one-way analysis of variance (ANOVA) to obtain mean sensory scores for each of
the 15 panel members.

2.7. Statistical Analysis

Statistical analysis of the data was performed with the Statgraphics Centurion XIV software
(StatPoint Technologies, Inc., Warrenton, VA, USA), and the results were compared with one-way
ANOVA. A preliminary Shapiro–Wilk test was applied to test the assumption of normality. Significant
differences between treatments were determined by Tukey’s test.

3. Results

3.1. Chemical Composition of the Semolina and Dough Analyses

Soil variability and VR-N determined the protein content and composition of the semolina from
cv. Biensur obtained from different management zones (Table 1).

There was a significant higher protein abundance in grain from LFZ (13.6%, on average) and
a lower abundance in grain from HFZ (10.4%, on average), independently of the foliar treatment.
The protein content in grain from LFZ was similar to that of the commercial high-quality semolina
from cv. Aureo, taken as a reference sample (14.7%).

Besides the total protein amounts, by sequential gluten protein extraction, the percentages of the
different gluten protein classes (gliadins, HMW-GS, and LMW-GS) were also calculated. These are
important parameters affecting dough and pasta technological properties. Gluten strength describes
the ability of the proteins to form a tenacious network able to promote better extrusion and superior
cooking quality and textural characteristics if compared to weak gluten at the same protein level [32,33].
In particular, several studies showed that adding a glutenin-rich fraction consisting of both HMW-GS
and LMW-GS to base semolina, increased the mixograph dough strength and the percentage of
unextractable polymeric proteins [33].
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In addition, it is widely accepted that for the same wheat genotype, the growing environment
affects the quality of the semolina. In particular, different works demonstrated that both fertilization
dose and fertilization type can modulate the total gluten protein amounts and the relative percentages
of different gluten protein fractions (gliadins, HMW-GS, and LMW-GS) both in durum and in common
wheat, modifying the HMW-GS/LMW-GS and the glutenin/gliadin (GS/Gli) ratios and consequently
the dough strength [34–37].

In this work, we showed that the percentage of gluten proteins was affected by the different soil
fertility zones and the fertilization treatments. In particular, HMW-GS increased from the value for
the HFZ (9.5% on average with respect to total gluten proteins) to that for LFZ (12.5%, on average
with respect to total gluten proteins), thus suggesting an effect of the N treatment on the synthesis
of this class of proteins, independently of soil fertility. LMW-GS showed the lower percentage in
semolina from MFZ treated with foliar application (17% average with respect to total gluten proteins)
while for both LFZ and HFZ, 23.5% of LMW-GS (on average with respect to total gluten proteins)
was observed (Table 2), suggesting that their abundance is related to both the soil fertility and the N
supplied. Conversely, the percentage of gliadins appeared to be influenced mainly by the fertility of
soil, being more abundant for HFZ and MFZ with respect to LFZ (Table 2). As a result of the different
gluten protein proportions, the ratio of total GS/Gli increased for LFZ, indicating a higher quality of the
gluten protein composition in these semolina samples. Foliar fertilization influenced the percentage
and ratio of the different gluten protein fractions only in grain from MFZ.

Table 2. Mixing properties (n = 3) of dough samples obtained from site-specific harvest of cv. Biensur
compared with those of the commercial reference cv. Aureo.

Soil Fertility Zones Sample * Name Water Absorption (%) Dough Stability (min) Dough Weakening (PU)

HFZ 130 + 0 49.3 c 7 b 65 a

HFZ 130 + 15 49.5 c 7 b 63 a

MFZ 160 + 0 48.4 c 6 b 65 a

MFZ 160 + 15 48.0 c 6 b 68 a

LFZ 200 + 0 51.9 b 11.0 a 32 b

LFZ 200 + 15 52.4 b 11.5 a 31 b

References 55.7 a 12.0 a 25 c

HFZ, high-fertility zone, MFZ, medium-fertility zone, LFZ, low-fertility zone. Within the same column, different
letters indicate significant differences (Tukey test, p ≤ 0.05); * the names of the samples correspond to the N
fertilization treatment applied (kg/ha).

We compared all semolina samples for dough stability (length of time the dough maintains its
maximum consistency), weakening index (reduction in dough consistency after 20 minutes of mixing),
and water absorption (g of water per 100 g of semolina required to reach a dough consistency of
500 PU) (Table 2). The results showed significant differences among cv. Biensur samples obtained from
different soil fertility zones treated with VR-N (130; 130 + 15; 160; 160 + 15; 200; 200 + 15). In particular,
semolina from LFZ, independently from the foliar treatment, showed higher values of dough stability
(indicator of the strength) than the other samples, comparable to that of commercial high-quality
semolina (>11 min). Samples from LFZ differed also for the amount of water absorbed (ca. 52%) related
to protein content (Table 1) and for the dough weakening index (ca. 31), which indicates the tolerance
to mechanical mixing. These data indicate that dough properties are also governed by HMW-GS and
LMW-GS protein fractions, which are known to be an indicator of strength and coherence of the protein
network (Table 1).
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3.2. Quality Parameters of Pasta

Pasta quality is expressed in terms of water absorption, cooking loss, and firmness (Table 3).
The values of water absorption of all pasta samples at the optimal cooking time were similar (Table 3),
corresponding to 170.17–1721.38% of weight increase, in line with what found by other authors [38,39],
while the cooking loss, that represent the solid substance leaching in water during cooking, was
significantly higher for HFZ and MFZ with respect to LFZ, which presented a cooking loss similar to that
of the commercial reference (Table 3). Therefore, the results of the LFZ samples indicate that gelatinized
starch is well retained by a strong gluten network that is able to form a compact structure, which was
also confirmed by the high firmness value (>5 N), measured by Texture Analyzer. The firmness of the
cooked pasta resulted positively correlated to the cooking loss (r = 0.96), as indicated by statistical
analysis. In general, all standard quality parameters did not reveal any significant differences between
LFZ pasta, obtained with or without foliar treatment (200 and 200 + 15) of Biensur, and Aureo pasta,
despite Biensur having a lower protein content than Aureo, as previously confirmed [20], since it had
also a good gluten quality, which plays an important role in the formation of a strong protein network.

Table 3. Pasta quality parameters (optimal cooking time (OCT), water absorption, cooking loss (n = 3),
and firmness) of pasta from site-specific harvest of cv. Biensur compared with those of the commercial
reference cv. Aureo.

Soil Fertility Zones Sample Name
Cooking Properties

OCT (min.sec) Water Absorption (%) Cooking Loss (%) Firmness (N)

HFZ 130 8.30 170.46 a 3.53 a 3.83 b

HFZ 130 + 15 8.30 170.17 a 3.54 a 3.85 b

MFZ 160 8.30 171.17 a 3.94 a 3.68 b

MFZ 160 + 15 8.30 170.89 a 3.94 a 3.72 b

LFZ 200 9 172.38 a 3.0 b 5.70 a

LFZ 200 + 15 9 171.58 a 2.96 b 5.69 a

Reference 9 171.90 a 2.96 b 5.80 a

HFZ, high-fertility zone, MFZ, medium-fertility zone, LFZ, low-fertility zone. Within the same column, different
letters indicate significant differences (Tukey test, p ≤ 0.05). * The names of the samples correspond to the N
fertilization treatment applied (kg/ha).

The sensory properties of the cooked pasta, such as appearance, flavor, and texture (firmness and
stickiness), play an essential role in determining the final consumer preference, especially in traditional
pasta-consuming countries [40].

Sensory evaluation of pasta (Figure 3) made from the cv. Biensur from each management zones
and from the reference cv. Aureo showed significant (p < 0.05) differences between LFZ pasta (with
or without foliar treatment, 200 and 200 + 15) and the others, for all the parameters tested (Figure 3).
Finally, pasta obtained from LFZ showed good overall acceptability, comparable to that of the reference
pasta. As for the consumer’s evaluation on firmness and stickiness, these attributes depend on the
intrinsic structure of pasta that is governed by strength and coherence of the gluten network. Therefore,
high firmness values correspond to low stickiness values [40,41].
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Figure 3. Sensory properties (n = 15) of pasta from site-specific harvest of cv. Biensur compared with
those of the commercial reference cv. Aureo. The different fertilization managements listed in the legend
are reported in Table 1.

4. Conclusions

In the experiments carried out in this work, the variability of grain protein content in different
field zones was significant enough to justify the segregation of grain during harvest. In particular,
LFZ, associated with a high N content, showed not only the highest total protein amount in the grain,
but also the highest technological quality of gluten proteins.

The higher grain quality in the LFZ was reflected in the elevated dough technological characteristics
as well as in the pasta cooking behavior and sensory properties, comparable to those of well-established
commercial mono-varietal semolina. Although the experiments demonstrated the feasibility to produce
“site-specific” pasta, technical constrains could prevent the application of the described strategy at
industrial level. Indeed, a minimum grain stock is required in manufacturing pasta, which could not
be achieved if the management zones are limited in size. As observed for precision viticulture [21,23],
a multi-field scale approach should be followed to guarantee adequate grain stocks. Within a farm,
different fields can be considered at the same time, segregating grain within management zones
classified according to crop varieties, pedo-climatic conditions, and management (fertilization, seeding,
weed control, etc.). In this way, the manufactured “site-specific pasta” could be a potential asset for a
short supply chain, aiming to improve traceability and environmental and economic sustainability.
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Abstract: Pasta is considered as the ideal vehicle for fortification; thus, different formulations of
gluten-free pasta have been developed (rice 0–100%, bean 0–100%, and carob fruit 0% or 10%). In this
article, the content of individual inositol phosphates, soluble sugars and α-galactosides, protease
inhibitors, lectin, phenolic composition, color, and texture were determined in uncooked and cooked
pasta. The highest total inositol phosphates and protease inhibitors contents were found in the
samples with a higher bean percentage. After cooking, the content of total inositol phosphates ranged
from 2.12 to 7.97 mg/g (phytic acid or inositol hexaphosphate (IP6) was the major isoform found);
the protease inhibitor activities showed values up to 12.12 trypsin inhibitor (TIU)/mg and 16.62
chymotrypsin inhibitor (CIU)/mg, whereas the competitive enzyme-linked immunosorbent assay
(ELISA) showed the elimination of lectins. Considering the different α-galactosides analyzed, their
content was reduced up to 70% (p < 0.05) by the cooking process. The total phenols content was
reduced around 17–48% after cooking. The cooked samples fortified with 10% carob fruit resulted
in darker fettuccine with good firmness and hardness and higher antioxidant activity, sucrose, and
total phenols content than the corresponding counterparts without this flour. All of the experimental
fettuccine can be considered as functional and healthy pasta mainly due to their bioactive compound
content, compared to the commercial rice pasta.

Keywords: prebiotics; trypsin inhibitors; inositol phosphates; phenols; legumes; functional foods;
gluten-free

1. Introduction

Pasta is largely consumed all over the world and, moreover, these kinds of products are considered
by the World Health Organization (WHO) as an ideal vehicle for fortification [1]. Pasta is a cereal-based
product characterized by good organoleptic and nutritional properties and long shelf life. Pasta, such
as spaghetti and macaroni, are manufactured traditionally by mixing durum wheat semolina and
water (and eggs in some types of products). During the wheat pasta-making process, gluten is the
principal compound responsible for the formation of the pasta structure, and it provides better quality
parameters (low loss of solids in the cooking process, firm structure, attractive color, etc.) than those of
gluten-free (GF) pasta mainly elaborated with corn, sorghum, rice, and/or legumes [2]. Nowadays,
the population with celiac disease, as well as those who exclude the gluten-containing traditional
products from their diet for other health reasons, is growing; therefore, there is a strong need for the
development of novel nutritious and healthy products.
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In order to elaborate GF pasta, the gluten matrix of the traditional pasta products can be substituted
by other starchy raw materials and/or new formulations, alternative pasta-making processes, and/or
the addition of additives; the raw materials and the pasta-making process have a great effect on the
quality of the pasta [3]. The use of starchy cereals, such as rice, combined with pulses can provide
nutritive and balanced pasta products, with a good content and profile of proteins, dietary fiber,
complex carbohydrates, minerals, and vitamins [4,5]. As reported by Elliott et al. [6], GF products
are not nutritionally finer than gluten-containing products. Thus, these new pasta products based
on cereal and pulse mixtures would be of great interest to celiac patients, as well as to those people
that decide to eliminate gluten from their diets. White rice is the main ingredient used by the food
industry to manufacture GF products, even though it is a material with a poor bioactive compound
content. On the contrary, pulses are rich in bioactive compounds (e.g., phenolic compounds, phytates,
saponins, α-galactosides, or trypsin inhibitors). Traditionally, some of these phytochemicals such
as α-galactosides, trypsin inhibitors, or phytates have been considered as anti-nutritive compounds
that can produce flatulence, reduce protein digestion, or impair the absorption of other compounds,
respectively. However, at present, it is well known that these same compounds are related to a reduction
in the risk of cardiovascular disease, type 2 diabetes, digestive tract diseases, becoming overweight,
and obesity [5]. Therefore, the fortification of rice-based pasta with legumes would increase the amount
of bioactive compounds, allowing us to obtain nutritious and healthy foods. Among the pulses, beans
(Phaseolus vulgaris L.) are consumed worldwide and, moreover, with the growing of vegetarianism
and the demand in Western countries for non-wheat and non-soy proteins, dry beans are obtaining
increased attention by consumers; nevertheless, they are underutilized by the food industry as an
ingredient in novel foods. Although, in general, all beans have a similar nutritive composition, each
variety has a unique bioactive compound profile. In this study, the Almonga variety was used, which
was previously reported to have a low lectin content, and whose consumption results in a significant
decrease in triglyceride levels [7]. Considering that Phaseolus vulgaris lectin (PHA) is the main toxic
compound present in beans, the use of this variety could be of great interest in the production of safe
and healthy foods, notably, in the formulation of pasta products that require short cooking time. Some
authors have developed rice-based pasta enriched with different pulses, although these pastas showed
poor cooking quality, mainly due to a reduction in the integrity of the protein matrix [2,8].

A legume with high potential to be used as an ingredient to improve the quality of GF pasta is carob
(Ceratonia siliqua L.). Carob seeds are utilized for the production of a thickener that is used in the food
industry called carob bean or locus bean gum (E-410) [9,10]. Additionally, carob seeds contain a protein
called caroubin, which has similar characteristics to wheat gluten but is safe for celiac people. Carob
fruits are also rich in dietary fiber polyphenols and contain moderate amounts of inositol phosphates
and α-galactosides [9,11]. The high amount of dietary fiber in carob fruit can weaken the firmness of the
pasta, since it can disturb the protein matrix. Biernacka et al. enriched wheat pasta with up to 4% carob
fiber with little effect on pasta quality and with good overall acceptability [12]. Therefore, the inclusion
of a limited amount of whole carob fruit (WCF; pod and seeds) can be a promising ingredient in the
development of good quality GF pasta and can obtain functional products [13] due to the presence
of locus bean gum and caroubin in the seeds, as well as the presence of phenolic compounds in the
pods. Some authors have reported the use of kibble, carob germ proteins, or carob bean gum in some
bread or pasta products [12,14,15]. Turfani et al. [9] elaborated bread with lentil and carob seeds (up
to 12%). In other previous works [4,11], the addition of WCF (5–10%) to extruded ’ready-to-eat‘ GF
snacks based on rice/bean or rice/pea has created foods with a good bioactive compound content able
to promote health functions and to improve the textural attributes of the snacks. Although, to the best
of our knowledge, there are no studies regarding the development of novel pasta products containing
both WCF plus another legume.

It is important to note that the content of bioactive compounds in any end-food product depends
on the processing technique utilized in their development (such as dehulling, canning, soaking,
germination, fermentation, autoclaving, extrusion-cooking, cold extrusion, etc.). Moreover, considering
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that pasta is consumed after cooking and that this process can induce changes in the phytochemical
content, mainly in the heat-labile compounds [16,17], it is essential to know the real amount (i.e., that
which would be consumed) present in the pasta after cooking.

Taking into account the above information, the aim of this study was to determine the content of
α-galactosides, mio-inositol phosphates, protease inhibitors, lectins, and phenols in dry (uncooked)
and cooked experimental samples based on different proportions of rice/bean and supplemented with
WCF, as well as in a commercial rice-based pasta whose phytochemical content has not been previously
studied. The pasta quality was assessed by determining the texture and color properties.

2. Materials and Methods

2.1. Raw Materials

White rice (Oryza sativa L.), raw beans (P. vulgaris var. Almonga), and whole carob fruit (WCF; pod
and seeds) (C. siliqua L.) were the ingredients used to develop the GF pasta. The raw materials were
acquired from Cámara Arrocera de Amposta (Tarragona, Spain), ITACyL (Instituto Tecnológico Agrario
de Castilla y León, Valladolid, Spain), and Armengol Hermanos (Tarragona, Spain), respectively. All
raw materials were milled and passed through a 1 mm sieve (Retsch SK1, Haan, Germany), and then
stored in polyethylene bags until pasta elaboration. In order to compare the experimental pasta with a
commercial product, a commercial fresh rice pasta was purchased from a local market.

2.2. Pasta Formulations and Manufacturing

Ten pasta formulations were elaborated by mixing different ratios of rice and bean, and
supplemented with 10% whole carob bean (Table 1). The pasta was elaborated following the
methodology (with minor modifications) of Gallegos-Infante et al. and Giuberti et al. [8,18]. The total
amount of each formulation processed was 1 kg. To elaborate the fettuccine-shaped pasta, the different
formulations were mixed (5 min) with an appropriate amount of hot water (46% on average) in a
domestic blender (Thermomix TM-31, Vorweck, Wuppertal, Germany) to allow a uniform distribution
of the water throughout the flour particles. The hydrated flours were worked in the mixing chamber of
a continuous pilot-scale extruder for pasta production (Imperia & Monferrina S.p.A., Dolly, Moncalieri,
Italy) for 15 min at constant speed to obtain aggregates of a 3–5 mm diameter. Afterward, a conventional
cold (30–40 ◦C) extrusion was carried out in the same continuous pilot-scale extruder to produce
experimental fettuccine (20 cm in length). The pasta was pre-dried at room temperature (30 min) and
then in an oven at 70 ◦C (around 2 h). The commercial fresh rice pasta was dried in the same way as
the experimental samples (Figure S1). Five hundred grams of each dried pasta was milled and passed
through a 1 mm sieve, and then stored in polyethylene bags. The other 500 g of dried pasta was stored
at room temperature in polyethylene boxes until required for the cooking procedure and the texture
and color determinations.

The dry pasta (P-) was elaborated and the commercial sample was cooked (PC-) at the optimal
cooking time (OCT). The OCT was analyzed in a previous paper, and was 4 min for the P-Commercial
rice, 2 min for P-Rice, and for the rest of the experimental fettuccine, it ranged from 2.6 min for P-20.0
to 3.92 min for P-80.10 [19]. All of the cooked samples were frozen immediately (−20 ◦C), lyophilized,
and stored in polyethylene bags until required; then, they were ground in a mill equipped with a 1
mm sieve (Retsch SK1 mill, Haan, Germany).
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Table 1. Codification and formulation of the different rice/bean-based fettuccine pastas fortified with
carob fruit flours and the commercial control pasta (external control).

Formulation Rice (%) Bean (%) Carob Fruit (%)

20.0 80 20 0
20.10 70 20 10
40.0 60 40 0
40.10 50 40 10
60.0 40 60 0
60.10 30 60 10
80.0 20 80 0
80.10 10 80 10

Bean 100% 0 100 0
Rice 100% 100 0 0

Commercial rice The product label: rice flour, corn flour, thickener and emulsifier additives, and water.

Note: All of the experimental samples contained 1% of sodium chloride in the formulation.

2.3. Biochemical Characterization

All of the biochemical analyses were performed in the uncooked (P-) and the cooked samples
(PC-).

2.3.1. Individual Inositol Phosphates

The individual phosphates, from inositol triphosphate (IP3) to phytic acid (IP6), were determined
according to the method of Burbano et al. [20]. Sodium phytate was used as the standard (Sigma-Aldrich,
St. Louis, MO, USA). The samples were analyzed using high performance liquid chromatography
(HPLC) (Beckman System Gold Instrument, Los Angeles, CA, USA) equipped with a refractive index
detector and a macroporous polymer PRP-1 column (150 × 4.1 mm i.d., 5 μm, Hamilton, Reno, Nevada,
USA) maintained at 45 ◦C with a flow rate of 1 mL/min. The mobile phase consisted of a mixture
of methanol/water (52/48 v/v) plus 8 mL tetrabutylammonium hydroxide (40% in water), 1 mL 5 M
sulphuric acid, 0.5 mL 91% formic acid, and 100 μL of phytic acid (6 mg/mL), and the pH was adjusted
to 4.3.

2.3.2. Soluble Sugars and α-Galactosides

The content of soluble sugars and α-galactosides was analyzed by HPLC (Beckman System Gold
Instrument, Los Angeles, CA, USA) with a refractive index detector according to Pedrosa et al. [21].
The sugars present in each sample (0.1 g) were extracted with ethanol/water (50/50, v/v). Then, the
extract was purified using Sep-Pack C18 cartridges (500 mg, Waters, Milford, MA, USA) and injected
into the HPLC system. The mobile phase consisted of acetonitrile/water 60:40 (v/v) and was used in
isocratic mode to equilibrate the column (Spherisorb-5-NH2, 250 × 4.66 mm i.d. Waters, Milford, MA,
USA) at a 1 mL/min flow rate. The content of individual sugars was quantified by comparison to their
corresponding standards (Sigma-Aldrich, St. Louis, MO, USA). Ciceritol was purified and kindly
supplied by Dr. A. I. Piotrowicz-Cieslak (Olsztyn-Kortowo, Poland).

2.3.3. Trypsin and Chymotrypsin Inhibitors

The trypsin (TI) and chymotrypsin (CI) inhibitors were extracted according to Pedrosa et al. [21].
α-N-benzoyl-DL-arginine-p-nitroanilide hydrochloride (BAPNA) and benzoyl-L-tyrosine ethyl ester
(BTEE) were used as substrate of the trypsin and the chymotrypsin, respectively. Trypsin inhibitor
activity was determined at 410 nm, and one unit of trypsin inhibitor (TIU) per milligram of flour was
defined as a decrease of 0.01 units of absorbance at 410 nm in relation to the trypsin control, using a
10 mL assay volume [22]. Chymotrypsin inhibitor activity was determined at 256 nm. One unit of
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chymotrypsin inhibitor (CIU) was stated as an increase of 0.01 absorbance units at 256 nm after 7 min
after the addition of the substrate to the reaction mixture.

2.3.4. Lectin

The Phaseolus vulgaris lectin (PHA) content was determined using a non-commercial competitive
indirect ELISA assay according to Cuadrado et al. [23]. The PHA content of the samples was calculated
using a calibration curve (0.001–1000 μg/mL) of pure PHA standard. The limit of detection and of
quantification were estimated from the regression equation calculated from the calibration curve
(y = −0.4311Ln(x) + 2.711; r2 = 0.98). P. vulgaris cvs. Processor and Pinto were included in each assay
as positive and negative controls, respectively, to determine the repeatability of the method. The results
are expressed as percentage of PHA on a dry matter basis.

2.3.5. Phenolic Composition and Antioxidant Activity

A solution of methanol–HCl (1‰)/water (80:20 v/v) was used to extract the phenolic compounds
of the different samples for 16 h at room temperature [24]. The different groups of phenols present in
the extracts were quantified spectrophotometrically following the methodology of Oomah et al. [25].
Anthocyanins, flavonols, tartaric esters, and the total phenolic compounds were monitored at 520, 360,
320, and 280 nm, respectively, on a Beckman spectrofotometer (Beckman DU-640, Los Angeles, CA,
USA). Commercial standards of cyanidin-3-glucoside from Extrasynthese (Germay, France), quercetin,
caffeic acid, and catechin from Sigma-Aldrich (St. Louis, MO, USA) were used to quantify anthocyanins
(μg of cyanidin-3-glucoside equivalents (C3GE) per gram dry weight), flavonols (μg of quercetin
equivalents (QE) per gram of dry weight), tartaric esters (mg of caffeic acid equivalents (CAE) per
gram of dry weight) and total phenols (mg of (+) catechin equivalents (CE) per gram of dry weight),
respectively. The same extracts were used to determine the antioxidant activity by using the oxygen
radical absorbance capacity (ORAC) assay [11]. A microplate fluorescence reader (FLUOstar Omega,
BMG Labtech, Offenburg, Germany) was used with excitation and emission wavelengths at 485 and
530 nm, respectively. The ORAC values were calculated from a calibration curve of Trolox (0–8 μg/mL)
and the results were expressed as μmol Trolox per gram of dry weight).

2.4. Color Analysis

The color of the uncooked and the cooked fettuccine pastas in the optimum cooking time was
measured using the Konica Minolta model CM-5 spectrophotometer (Konica, Minolta, Ramsey, NJ,
USA) with a xenon lamp. The results are expressed in the color space CIE L*a*b*, where L* measures
the degree of luminosity (lightness/darkness), a* (redness/greenness) where +a* are red tones and
-a*are green tones, and b* (yellowness/blueness), where +b* yellow tones and -b* blue. The results
are the mean of three replicates per sample, measured in each replica per quadruplicate [26]. The
calibration (zero and white) was carried out (with zero calibration box and an internal white plate,
respectively) and used to standardize daily the equipment before the measurements.

2.5. Texture Analysis

The evaluation of the texture [27] of the cooked (OCT) pasta was done using a texturometer
(Model TA-XTplus, Stable Micro System, Surrey, UK) equipped with a load cell of 30 kg coupled to an
aluminum P25 mm probe and calibrated daily using a 5 kg load cell. The instrument settings were as
follows: compression mode with force pre-set, test, and post-test speed of 2 mm/s and deformation of
75%. The parameters measured were: hardness (force maximum positive), stickiness (force maximum
negative), and adhesiveness (negative area). In addition, a cutting test was carried out with a Warner
Bratzler at a speed of 0.17 mm/min, being the parameters determined: firmness (force maximum) and
consistency (area up to the breaking point of the pasta).

All of the measurements were carried out after cooling (1 min) the samples in cool water in order
to end the cooking process. The results are expressed as the mean of four measurements from three

103



Foods 2020, 9, 415

different cooking replications of each sample. Texturometer software (Exponent Stable Micro System
version 5.0.9.0; Stable Micro System, Surrey, UK) was used to record and calculate the values of the
parameters analyzed.

2.6. Statistical Analysis

Results are presented as mean ± standard deviation (SD). They were obtained in quadruplicate,
except for color and texture analysis (n = 12). The statistically significant differences (p < 0.05) were
established by a one-way ANOVA, and a Duncan’s multiple range test was applied. Correlations were
analyzed by Pearson’s test. In addition, data from the different chemical analyses were subjected to
a principal component analysis (PCA), shown in the supplementary files (Figures S2 and S3). The
Statgraphics Centurion XVI computer package (Graphics Software System, Rockville, MD, USA)
was used.

3. Results and Discussion

The data corresponding to the different bioactive compounds present in the raw samples are
shown in the corresponding tables (Tables 2–5). Considering these results (on a dry basis), raw bean
contained the highest amount of total inositol phosphate (IP), α-galactosides, and protease inhibitors,
while WCF presented the highest content of sucrose and phenolic compounds. Raw bean revealed
very low amounts of lectins, while rice presented low amounts of sucrose and trypsin inhibitors. The
content of bioactive compounds determined in these raw materials was similar to that reported in the
literature [11,12,16,28].

3.1. Individual Inositol Phosphates

The total and individual inositol phosphates (IP) content in the uncooked (P-) and cooked (PC-)
fettuccine, as well as in the commercial rice pasta, are presented in Table 2.

Table 2. Inositol phosphates content (mg/g dry weight) of the raw materials and the different uncooked
(P-) and cooked (PC-) fettuccine pastas and the commercial rice pasta.

Sample IP3 IP4 IP5 IP6 Total Inositol Phosphates

Bean 0.26 ± 0.01 0.42 ± 0.01 1.39 ± 0.03 10.12 ± 0.03 12.20
Carob fruit n.d. 0.15 ± 0.01 0.36 ± 0.04 0.15 ± 0.01 0.66
Rice 0.10 ± 0.01 0.03 ± 0.03 0.22 ± 0.01 1.53 ± 0.05 1.88
P-20.0 0.23 ± 0.001 e f, A 0.39 ± 0.02 b, A 0.71 ± 0.07 b, A 2.51 ± 0.13 c, A 3.83 c, A

P-20.10 0.22 ± 0.001 c d, A 0.36 ± 0.02 b, A 0.70 ± 0.04 b, A 2.51 ± 0.18 c, A 3.79 c, A

P-40.0 0.25 ± 0.02 j, A 0.55 ± 0.03 d e A 1.08 ± 0.04 c d, A 3.29 ± 0.21 e f, A 5.16 d, A

P-40.10 0.22 ± 0.001 d e, A 0.52 ± 0.05 c d, A 0.97 ± 0.18 c, A 3.11 ± 0.12 e, A 4.83 d, A

P-60.0 0.24 ± 0.01 h i, A 0.56 ± 0.02 c d, A 1.28 ± 0.07 d e, A 3.57 ± 0.11 f g, A 5.65 e, A

P-60.10 0.24 ± 0.01 g h i, A 0.64 ± 0.10 f, A 1.18 ± 0.57 c d e, A 4.09 ± 0.34 h, A 6.15 f, A

P-80.0 0.23 ± 0.01 f g, A 0.66 ± 0.03 f g, A 1.84 ± 0.08 f g, A 4.80 ± 0.11 j, A 7.53 h, A

P-80.10 0.24 ± 0.01 i j, A 0.70 ± 0.01 g, A 1.97 ± 0.09 g, A 5.16 ± 0.20 j, A 8.06 i, A

P-Bean 0.25 ± 0.001 h, A 0.75 ± 0.02 h, A 2.29 ± 0.12 h, A 5.73 ± 0.58 k, A 9.03 j, A

P-Rice n.d. 0.27 ± 0.02 a, A 0.47 ± 0.12 a, A 1.48 ± 0.13 b, A 2.22 b, A

P-Commercial rice n.d. 0.25 ± 0.01 a, A 0.29 ± 0.01 a, A 0.37 ± 0.06 a, A 0.84 a, A

PC-20.0 0.22 ± 0.001 b c d, B 0.39 ± 0.02 b, A 0.74 ± 0.03 b, A 2.81 ± 0.20 d, B 4.15 c, A

PC-20.10 0.21 ± 0.001 b, B 0.38 ± 0.01 b, A 0.76 ± 0.02 b, A 2.40 ± 0.18 c, A 3.75 c, A

PC-40.0 0.22 ± 0.001 c d, B 0.48 ± 0.02 c, B 1.07 ± 0.07 c d, A 3.35 ± 0.08 e f, A 5.12 d, A

PC-40.10 0.21 ± 0.001 b c d, A 0.48 ± 0.03 c, B 1.18 ± 0.11 c d e, A 3.35 ± 0.06 e f, A 5.23 d, A

PC-60.0 0.23 ± 0.001 e f, B 0.52 ± 0.03 c d e, A 1.27 ± 0.10 d e, A 3.84 ± 0.12 g h, A 5.86 e f, A

PC-60.10 0.22 ± 0.001 d e, B 0.54 ± 0.03 d e, B 1.39 ± 0.06 e, A 3.91 ± 0.17 h, A 6.05 f, A

PC-80.0 0.23 ± 0.001 f g h, A 0.63 ± 0.04 f, A 1.76 ± 0.12 f g, A 4.82 ± 0.16 j, A 7.43 h, A

PC-80.10 0.23 ± 0.001 f g, B 0.57 ± 0.01 e, B 1.64 ± 0.05 f, B 4.54 ± 0.32 j, B 6.98 g, B

PC-Bean 0.21 ± 0.001 b c, B 0.57 ± 0.03 c d, A 1.91 ± 0.08 g, B 5.28 ± 0.11 j, B 7.97 i, A

PC-Rice n.d. 0.26 ± 0.01 a, A 0.46 ± 0.03 a, A 1.40 ± 0.08 b, A 2.12 b, A

PC-Commercial rice n.d. 0.29 ± 0.01 a, A 0.34 ± 0.03 a, A 0.53 ± 0.12 a, A 1.16 a, A

Values are means ± standard deviation (n = 4). Mean values in the same column followed by a different superscript
letter are significantly different (p < 0.05); small superscript letters mean differences among all of the samples
analyzed, whereas capital superscript letters mean differences due to the cooking treatment for the same formulation.
n.d., not detected.
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As expected, a higher total IP content corresponded to the samples with a higher bean percentage.
A linear correlation between the percentage of bean flour in the formulas and the total inositol
phosphates content in uncooked and cooked samples was fitted according to the model: Total IP (mg/g)
= 2.071 + 0.067 ×%bean, and it showed a high correlation (R2 = 0.96).

In the experimental dry or uncooked fettuccine, P-Bean showed the highest total IP content (9.03
mg/g), and P-Commercial rice pasta presented the lowest value (0.84 mg/g) (Table 2). On the other hand,
the IP content in the cooked samples ranged between 1.16 and 7.97 mg/g for the PC-Commercial rice
pasta and PC-Bean, respectively. There were no significant differences in the total IP content between
the uncooked and cooked samples (except for the 80.10 formula), probably due to the heat-stable
characteristics of phytic acid [29]. In general, the total inositol content showed a slight increase, which
was not statistically significant, in the cooked samples (PC-). This could be due to the fact that during
pasta-making, some inositol can form complexes with other food components (e.g., minerals, proteins,
or starch), which would be released from the pasta matrix during cooking [30]. This slight increase
could also be related to the losses of some components easily soluble in water, such as sugars or phenols
(Tables 3 and 5), that migrate to the cooking solution and that are discarded; this reduces the total dry
matter of the samples and causes changes in the percentage of the specific components expressed on a
dry matter basis [31]. The obtained results were in concordance with those published by Tazrart et
al. [32] in maccheronccini elaborated with durum wheat semolina fortified with different ratios of faba
bean flour (Vicia faba L.). In contrast, soaking yellow field peas (Pisum sativum L.) revealed that the
levels of IP6 were reduced, and, also, the canning process of ‘ready-to-eat’ Spanish beans decreased
significantly the total IP content [17].

These differences could be due to the differences in the cooking time and the temperature used to
process the pulses. IP6 was the main form determined in all of the uncooked and cooked samples
studied, accounting for, in general, about 65–75% of the total IP content, similar to the results published
for different legumes by Burbano et al. [20]. In comparison to the commercial sample, the experimental
fettuccine showed from 4 to 15 times more IP6 content, which is in concordance with the results
published by Bilgicli et al. [33] for GF noodles fortified with legume (chickpea or soya). The same
tendency was shown in semolina-based pasta enriched by α-galactosides-free lupin flours [34].

The amount of the less-phosphorylated IP forms (IP3–IP5) was similar in the uncooked and cooked
samples. Therefore, the thermal process did not produce significant differences in the IP isoform
content of most of the samples, except in the formulations with a high bean content and WCF. On the
other hand, the IP3 content represented about 2.55–6.15% of the total IP content, being detected in all of
the samples except in the uncooked and cooked rice 100% and the commercial rice samples (Table 2).

Although, phytic acid (IP6) can reduce the availability of some minerals and, at present, there is
not a recommended dietary intake of phytate. Fredrikson et al. (2001) [35] reported that a content of
total IP < 20 mg/g (as in the experimental fettuccine) allows a similar degree of mineral availability
for commercial food based on soybean protein. Phytic acid has been linked to the epidemiological
relation between the high-fiber diets (rich in IP6) and the low incidence of some cancers [11,16].
Also, it can reduce the toxicity of heavy metals (such as lead and cadmium) present in the diet.
The less-phosphorylated isoforms (IP3–IP5) have been shown to be related to beneficial effects in
human health, such as improving the hypercholesterolemia and the atherosclerosis, and preventing the
formation of kidney stones, colon cancer, type 2 diabetes, and irritable bowel syndrome. The results
obtained in the experimental fettuccine suggests that the cooking process was not strong enough to
significantly affect the contents of phytic acid and the less-phosphorylated forms (IP5–IP3); consequently,
they could retain the health benefits associated with the less-phosphorylated inositol phosphates.

3.2. Soluble Sugars and α-Galactosides

The content of the different soluble sugars detected in the uncooked (P-) and cooked (PC-)
fettuccine, as well as in the commercial rice pasta, are presented in Table 3. In the current study, sucrose
was detected in all of the formulations, and significant differences (p < 0.05) between uncooked and
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cooked counterparts were observed. P-Rice was the sample with highest sucrose content (64.46 mg/g),
whereas PC-20.0 showed the lowest amount (5.76 mg/g). As WCF had a high content of sucrose, the
experimental fettuccine formulated with carob contained higher (p < 0.05) sucrose content than those
formulations without this legume (e.g., P-60.0 vs. P-60.10 or PC-60.0 vs. PC-60.10).

Raffinose, ciceritol, and stachyose were detected in all of the uncooked and cooked fettuccine
samples, except in the formulation elaborated with 100% rice and the commercial sample. The main
α-galactoside detected in the uncooked and cooked samples was stachyose, accounting for around
55–84% of the total α-galactosides, except in P-20.0 and P-20.10 (samples with a higher content of
raffinose). The total α-galactosides content was significantly higher in both the uncooked and the
cooked samples formulated with carob bean fruit.

Table 3. Content of soluble sugars, ciceritol, and α-galactosides (mg/g dry weight) in raw materials
and in the uncooked (P-) and cooked (PC-) fettuccine, as well as in the commercial rice pasta.

Sample Sucrose Maltose Raffinose Ciceritol Stachyose
Total

α-Galactosides

Bean 30.00 ± 0.95 n.d. 5.92 ± 0.09 0.34 ± 0.01 26.85 ± 0.25 32.77
Carob fruit 150.46 ± 10.04 n.d. 5.84 ± 0.02 n.d. n.d. 5.84

Rice 2.98 ± 0.15 n.d. n.d. n.d. n.d. n.d.
P-20.0 8.59 ± 0.39 b, A n.d. 6.40 ± 0.58 e, A 2.73 ± 0.30 b, A 3.95 ± 0.38 a, A 10.35 d, A

P-20.10 25.46 ± 0.09 I, A n.d. 8.31 ± 0.16 g, A 2.19 ± 0.22 b, A 3.47 ± 0.25 a, A 11.78 e, A

P-40.0 14.18 ± 0.34 f, A n.d. 9.11 ± 0.27 h, A 4.71 ± 0.08 e, A 9.06 ± 0.18 b, A 18.17 h, A

P-40.10 36.70 ± 0.78 p, A n.d. 8.00 ± 0.80 g, A 6.43 ± 0.14 f, A 13.37 ± 0.32 d, A 21.37 j, A

P-60.0 23.77 ± 0.74 k, A n.d. 9.05 ± 0.29 h, A 7.88 ± 0.17 g, A 17.25 ± 0.37 f, A 26.30 k, A

P-60.10 41.98 ± 0.68 q, A n.d. 13.13 ± 0.22 j, A 10.09 ± 0.27 h, A 17.41 ± 0.36 f, A 30.54 m, A

P-80.0 29.63 ± 1.06 n, A n.d. 11.84 ± 0.89 i, A 12.90 ± 0.94 j, A 26.92 ± 1.45 i, A 38.76 n, A

P-80.10 57.44 ± 0.52 r, A n.d. 18.72 ± 0.20 l, A 13.55 ± 0.48 k, A 26.12 ± 0.41 h, A 44.85 o, A

P-Bean 36.53 ± 0.93 p, A n.d. 13.82 ± 0.25 k, A 12.36 ± 0.18 i, A 30.71 ± 0.34 j, A 44.53 o, A

P-Rice 64.46 ± 1.44 s, A 64.77 ± 1.30 d, A n.d. n.d. n.d. n.d.
P-Commercial rice 18.32 ± 0.35 h, A 15.51 ± 1.21 b, A n.d. n.d. n.d. n.d.

PC-20.0 5.76 ± 0.44 a, B n.d. 0.77 ± 0.08 a, B 1.37 ± 0.17 a, B 3.73 ± 0.06 a, A 4.51 b, B

PC-20.10 18.00 ± 0.28 g, B n.d. 1.77 ± 0.09 b, B 2.54 ± 0.17 b, A 3.89 ± 0.12 a, A 5.67 c, B

PC-40.0 9.66 ± 0.35 c, B n.d. 1.86 ± 0.23 b, B 4.06 ± 0.28 d, B 9.78 ± 0.18 b, A 11.64 e, B

PC-40.10 22.37 ± 0.54 j, B n.d. 4.03 ± 0.31 b, B 4.82 ± 0.79 e, B 11.17 ± 1.02 c, B 15.20 g, B

PC-60.0 11.76 ± 0.16 d, B n.d. 2.14 ± 0.11 c, B 3.41 ± 0.14 c, B 11.01 ± 0.09 c, B 13.15 f, B

PC-60.10 27.20 ± 1.81 m, B n.d. 5.13 ± 0.23 d, B 3.52 ± 0.23 c, B 10.74 ± 0.50 c, A 15.87 g, B

PC-80.0 21.02 ± 0.55 i, B n.d. 7.03 ± 0.05 f, B 7.66 ± 0.03 g, B 20.51 ± 0.72 g, B 27.54 l, B

PC-80.10 30.28 ± 0.81 n, B n.d. 7.33 ± 0.12 f, B 4.70 ± 0.20 e, B 19.34 ± 0.23 e, B 26.67 l, B

PC-Bean 17.57 ± 0.41 g, B n.d. 3.72 ± 0.29 c, B 3.31 ± 0.12 c, B 15.89 ± 0.35 e, B 19.61 i, B

PC-Rice 12.80 ± 0.11 e, B 10.85 ± 0.71 a, B n.d. n.d. n.d. n.d.
PC-Commercial rice 34.55 ± 0.33 o, B 24.06 ± 0.79 c, B n.d. n.d. n.d. n.d.

Values are means ± standard deviation (n = 4). Mean values in the same column followed by a different superscript
letter are significantly different (p < 0.05); small superscript letters mean differences among all of the samples
analyzed, whereas capital superscript letters mean differences due to the cooking treatment for the same formulation.
n.d., not detected.

In general, the cooking process reduced (p < 0.05) the content of the individual sugars determined
in each fettuccine sample. During the cooking process, pasta is hydrated and a softening of the food
matrix occurs, facilitating the leaching of the sugars into the broth. The different sugars are not affected
to the same extent by the cooking process, with the reduction of the individual sugars analyzed being
from 4% (stachyose) to 88% (raffinose). This fact may be related to the different water solubility of these
low-molecular weight sugars that migrate into the cooking water, which is discarded. These results
are in accordance to those published by Laleg et al. [36] in gluten-free pasta elaborated exclusively
from faba, lentil, or black-gram flours. The higher percentage of bean in the uncooked and cooked
samples caused a higher α-galactosides content. Consequently, a good linear adjustment (R2 = 0.85) to
the model was observed: total α-galactosides (mg/g) = 0.858 + 0.359 × %bean. The sugar profile of
the uncooked and cooked fettuccine elaborated with 100% rice and the commercial rice pasta did not
contain α-galactosides—they only presented sucrose and maltose (50% of each sugar, approximately).

It should be noted that α-galactosides are traditionally associated with the production of flatulence,
diarrhoea, and abdominal pain, since humans cannot digest these compounds, and they are used
as substrates for anaerobic fermentation in the colon. Nowadays, α-galactosides are considered as
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nutritionally active factors or bioactive components with prebiotic activity by promoting the beneficial
activity of intestinal microflora (bifidobacterias, bacteroides, and eubacteria), and they positively affect
the immune system; thus, in humans they exert their health benefits through improving gut health,
reducing constipation and diarrohea, stimulating the immune system, and increasing resistance to
infection [16,37,38].

The commercial rice and the experimental fettuccine composed of 100% rice flour did not contain
α-galactosides; thus, these samples did not have the health benefits associated with α-galactosides.
The rest of the formulations showed high contents of α-galactosides and, as a consequence, they
can exert health benefits associated with their consumption. There is not a dietary reference intake,
although Martinez-Villaluenga et al. [39] reported that to obtain health benefits, an effective daily dose
of α-galactosides is 3 g/day, since higher doses could be associated with the anti-nutritional problems
mentioned above. Considering one serving of 60 g (dry weight) per day of fettuccine, a supply of
between 0.67 g (PC-20.0) and 1.65 g (PC-80.0) of α-galactosides can be achieved. Thus, according
to the above data [37], all of the experimental samples could promote health functions related to
these compounds.

3.3. Trypsin and Chymotrypsin Inhibitors

Table 4 shows the trypsin and chymotrypsin inhibitor activities corresponding to the uncooked
(P-) and cooked (PC-) fettuccine, as well as to the commercial rice pasta. The fettuccine (uncooked
and cooked) elaborated with 100% rice and the commercial rice sample showed lower trypsin and
chymotrypsin inhibitor activities, whereas P-Bean (13.19 TIU/mg and 16.87 CIU/mg) and PC-Bean
(12.12 TIU/mg and 16.62 CIU/mg) were the samples with the highest protease inhibitor activities. The
higher the bean content, the higher the inhibitor activities in all of the formulations; in fact, a strong
linear correlation between the percentage of bean and protease inhibitor activities was fitted according
to the models: TIU/mg = 0.454 + 0.122 × %bean (R2 = 0.98) and CIU/mg = 0.597 + 0.156 × %bean
(R2 = 0.92).

Thermal processing of legumes can be applied to reduce totally or partially the protease inhibitor
activities due to the fact that they are thermo-labile compounds [17,39]. In general, the cooked fettuccine
did not show significant (p > 0.05) changes in these activities compared to the uncooked samples. A
slight increase (p > 0.05) was observed in both types of protease inhibitor activities after cooking, except
in some samples: PC-80.0 and PC-Bean for trypsin inhibitor activity, and PC-20.10, PC-40.0, PC-60.0,
and PC-60.10 for chymotrypsin inhibitor activity. This increase in their content (on a dry weight basis)
would be due to the cooking losses, as has been reported above for other compounds [40,41].

The slight changes observed after cooking could also be due to the short cooking time applied (on
average 3 min), and to the different heat sensitivity of both types of protease inhibitors.

The results obtained in the experimental fettuccine are in concordance with the results of the
trypsin inhibitor activity obtained by Zhao et al. [42] for uncooked and cooked wheat semolina
spaghetti fortified with 20% of chickpea. On the contrary, Frias et al. [43] reported a reduction of trypsin
inhibitor activity by around 52–59% after boiling macaroni elaborated with 100% green pea or yellow
pea flours for 30 min. Even though pulse protease inhibitors interfere with protein digestibility [16],
they are considered key players in several biological processes, including cancer progression, and they
are associated with the capacity to prevent certain tumoral pathologies [5,42]. Thus, diets containing
these compounds have been associated with a reduction in carcinogen-induced effects [41].
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Table 4. Content of trypsin inhibitors (TIU/mg dry weight), chymotrypsin inhibitors (CIU/mg dry
weight), and lectin content (%PHA) in the uncooked (P-) and cooked (PC-) fettuccine samples and in
the commercial rice pasta.

Sample Trypsin Inhibitors Chymotrypsin Inhibitors Lectin

Bean 23.21 ± 0.66 7.74 ± 0.28 0.59 ± 0.01
Carob fruit 0.30 ± 0.02 n.d. -

Rice 0.15 ± 0.01 n.d. -
P-20.0 2.33 ± 0.07 b, A 2.98 ± 0.25 b c, A 0.26 ± 0.04 a

P-20.10 3.10 ± 0.28 c, A 2.76 ± 0.23 b, A 0.36 ± 0.17 a b

P-40.0 5.67 ± 0.08 d, A 5.85 ± 0.54 d, A 0.38 ± 0.10 a b

P-40.10 6.19 ± 0.40 d e, A 8.22 ± 0.84 g, A 0.42 ± 0.12 a b

P-60.0 7.57 ± 0.56 f, A 10.85 ± 1.05 h, A 0.34 ± 0.18 a b

P-60.10 7.25 ± 0.51 f, A 10.23 ± 1.08 h, A 0.39 ± 0.12 a b

P-80.0 10.26 ± 0.77 g, A 16.15 ± 0.75 j, A 0.54 ± 0.10 b

P-80.10 10.19 ± 0.42 g, A 7.70 ± 0.32 e f, A 0.56 ± 0.28 b

P-Bean 13.19 ± 0.75 j, A 16.87 ± 0.57 j, A 0.58 ± 0.14 b

P-Rice 0.50 ± 0.04 a, A 0.56 ± 0.13 a, A n.d.
P-Commercial rice 0.66 ± 0.03 a, A 0.40 ± 0.10 a, A n.d.

PC-20.0 2.45 ± 0.07 b, A 3.41 ± 0.34 b c, A n.d.
PC-20.10 3.17 ± 0.22 c, A 4.01 ± 0.86 c, B n.d.
PC-40.0 5.67 ± 0.35 d, A 6.85 ± 0.61 e, B n.d.

PC-40.10 6.35 ± 0.36 e, A 7.45 ± 0.74 e f, A n.d.
PC-60.0 6.96 ± 0.37 f, A 12.26 ± 1.01 i, B n.d.

PC-60.10 7.13 ± 0.72 f, A 12.08 ± 1.55 i, B n.d.
PC-80.0 11.10 ± 0.34 h, B 16.30 ± 1.27 j, A n.d.

PC-80.10 10.24 ± 0.74 g, A 8.21 ± 0.72 g, A n.d.
PC-Bean 12.12 ± 0.35 i, B 16.62 ± 1.10 j, A n.d.
PC-Rice 0.15 ± 0.02 a, A 0.47 ± 0.01 a, A n.d.

PC-Commercial rice 0.33 ± 0.01 a, A 0.29 ± 0.02 a, A n.d.

Values are means ± standard deviation (n = 4). Mean values in the same column followed by a different superscript
letter are significantly different (p < 0.05); small superscript letters mean differences among all of the samples
analyzed, whereas capital superscript letters mean differences due to the cooking treatment for the same formulation.
n.d., not detected.

3.4. Lectin Content

Raw bean var. Almonga had a very low amount of lectin (Table 4), lower than the Pinto bean
cultivar used as a negative (non-toxic) control; thus, their inclusion in foods that need a low cooking
time can be of great interest to avoid the negative effect associated with raw or slightly cooked beans.
The content of lectins in the different uncooked and cooked fettuccine evaluated by indirect ELISA
is shown in Table 4. The results of ELISA show that the P-Bean sample presented the highest value
of PHA (0.58%), while in the P-Rice and in P-Commercial rice samples, PHA was not detected. The
uncooked fettuccine showed higher PHA values as the bean percentage in the samples increased,
ranging from 0.26% to 0.58% (P-20.0 and P-Bean, respectively).

The addition of carob bean to the formulations did not significantly increase the PHA content
(e.g., P-40.0 vs. P-40.10). After the cooking process, there was a total reduction of the lectin content in
all samples analyzed, in agreement with previous works [11,17] that indicated that the heat processing
of different formulations containing bean or lentil was effective to eliminate their lectins. Taking into
account that PHA is considered a toxic lectin, their absence after cooking made the experimental
fettuccine a safe food, suitable for consumption without the risks to health (vomiting, diarrhoea, or
bloating) that appear after consumption of raw or uncooked samples with high lectin content.

3.5. Phenolic Composition and Antioxidant Activity

Table 5 presents the content of anthocyanins, flavonols, tartaric acid, and total phenols and
their antioxidant activity (ORAC) determined in the uncooked (P-) and cooked (PC-) fettuccine and
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commercial samples. As it has been observed above for other bioactive compounds, the increase in
the amount of bean in the formulation produced a rise in the total phenols content. Moreover, it is
important to note that the supplementation of the different rice/bean samples with 10% WCF increases
(p < 0.05) the content of phenolic compounds, both in the uncooked and the cooked samples.

The uncooked fettuccine (P-) showed, in general, higher total phenols content (p < 0.05) than the
cooked samples (PC-), except the fettuccine elaborated with 100% rice that did not show significant
differences after cooking. These results are in concordance with the data of the raw materials (Table 5),
since WCF and bean were the source of polyphenols in the elaborated fettuccine. Regarding the
present study, the losses of the total phenols content after cooking the fettuccine (around 17–48%)
were higher than that reported by Pedrosa et al. [16] after the canning process of Almonga bean
seeds (by about 11%), but were similar to the results found in the literature in cooked pasta fortified
with buckwheat, common and black beans, and red and black lentil pasta [18,43,44]. According to
the literature [18,43–45], the reduction in phenols can be attributed to the synergistic combination of
several factors, such as the pasta-making process, the sensitivity of heat during the cooking process, the
leaching into the broth because of the softening of the food matrix that occurs during pasta cooking, as
well as the association with the food matrix during cooking, that might hinder their extraction. Verardo
et al. [46] reported for cooked buckwheat spaghetti that 11.6% of the different phenolic compounds
were dissolved in the cooking water, and the pasta-making process caused a loss of 45.9% of the total
phenolic compounds present in the raw materials used in the elaboration of buckwheat spaghetti.

Compared to the cooked commercial rice pasta, the cooked fettuccine fortified with WCF (10%)
contained from 2.5-fold (PC-20.10) to 3.2-fold (PC-80.10) more phenols than the commercial sample,
similar to other durum wheat pasta enriched with 1–5% carob pods [12].

Tartaric ester, flavonol, and anthocyanin content of the experimental fettuccine was also affected
by the cooking process; the tartaric esters were reduced by around 7–50% and the flavonols between
10% and 75%, while the commercial rice sample did not reduce significantly their content after the
cooking process. The anthocyanins were reduced (p < 0.05) in all the samples by the cooking process.
The reduction ranged from 52% to 82% in the fettuccine without WCF (PC-20.0 and PC-60.0) and from
68% to 86% in the fettuccine with WCF (PC-20.10 and PC-60.10). The decrease was small in the samples
with an 80% bean amount, where a reduction of 7% was observed; although the cause of this small
reduction remains uncertain, a possible hypothesis is that in these samples, during the pasta-making
and cooking processes, a higher amount of phenols are able to bind to the food matrix, which prevents
its extraction [44].

In relation to the antioxidant activity (ORAC assay) (Table 5), the results show that the highest
value corresponded to the uncooked sample P-80.10 (13.68 μmol Trolox/g), and the lowest corresponded
to the P-Commercial Rice (4.38 μmol Trolox/g). The antioxidant activity was linked to the presence of
phenols supplied by the bean and WCF flours, and to the presence of other antioxidant compounds such
as the Maillard reaction products formed during the pasta-making drying step. As mentioned above
for the phenolic compounds, the presence of WCF increased the antioxidant activity in comparison to
the same formulations without this legume. After cooking, a slight drop (p > 0.05) of the antioxidant
activity was observed; the ORAC values ranged from 3.08 to 10.32 μmol Trolox/g for the PC-Commercial
rice and PC-60.10 samples, respectively. A similar decrease was reported by Rocchetti et al. [47] in six
commercial GF pastas elaborated with black rice, chickpea, red lentil, sorghum, amaranth, and quinoa.
The correlation between total phenols, tartaric esters, flavonols, and ORAC values was high, with a
Pearson’s coefficient R2 of 0.88, 0.84, and 0.73, respectively (Table S1).
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Table 5. Anthocyanins (μg C3GE/g dry weight), flavonols (μg QE/g dry weight), tartaric esters (mg
CAE/g dry weight) and total phenols (mg (+) CE/g dry weight) content and the antioxidant activity
(μmol Trolox/g dry weight) of the raw materials and the uncooked (P-) and cooked (PC-) fettuccine, as
well as the commercial rice pasta.

Sample Total Phenols Tartaric Esters Flavonols Anthocyanins
Antioxidant Activity

(ORAC)

Bean 2.88 ± 0.02 0.21 ± 0.01 0.08 ± 0.001 36.96 ± 0.24 24.33 ± 0.07
Carob fruit 20.73 ± 0.10 0.72 ± 0.01 0.75 ± 0.001 18.00 ± 0.15 69.89 ± 1.62

Rice 0.90 ± 0.03 0.02 ± 0.001 0.03 ± 0.001 18.70 ± 0.83 3.80 ± 0.30
P-20.0 2.88 ± 0.20 d e, A 0.07 ± 0.001 c d, A 0.03 ± 0.001 c, A 10.65 ± 0.001 g h, A 5.26 ± 0.65 c d, A

P-20.10 5.77 ± 0.06 l, A 0.14 ± 0.02 i, A 0.10 ± 0.001 g, A 10.64 ± 0.001 g h, A 10.49 ± 0.69 g h, A

P-40.0 4.58 ± 0.01 g h, A 0.09 ± 0.001 e f, A 0.03 ± 0.001 b c, A 8.25 ± 0.001 e f g h, A 6.94 ± 0.67 f, A

P-40.10 5.40 ± 0.21 j k, A 0.14 ± 0.001 i, A 0.08 ± 0.001 f, A 9.16 ± 0.001 f g h, A 9.67 ± 1.23 h i, A

P-60.0 4.70 ± 0.40 g h i, A 0.09 ± 0.001 f, A 0.03 ± 0.001 c, A 8.25 ± 0.001 d e f g h, A 9.20 ± 0.52 g h, A

P-60.10 5.80 ± 0.31 k l, A 0.15 ± 0.001 j, A 0.10 ± 0.001 g, A 6.32 ± 0.001 b c d e f, A 12.39 ± 0.27 k, A

P-80.0 4.48 ± 0.34 g, A 0.12 ± 0.001 g, A 0.04 ± 0.001 d, A 5.70 ± 0.001 b c d e f, A 11.06 ± 0.64 j, A

P-80.10 7.27 ± 0.21 m, A 0.20 ± 0.01 k, A 0.10 ± 0.001 g, A 6.87 ± 0.001 c d e f g, A 13.68 ± 0.58 l, A

P-Bean 5.11 ± 0.13 i j, A 0.12 ± 0.001 g h, A 0.04 ± 0.001 d, A 7.05 ± 0.001 c d e f g, A 12.46 ± 0.19 k, A

P-Rice 2.28 ± 0.10 a b c, A 0.06 ± 0.001 a b, A 0.02 ± 0.001 a b, A 12.43 ± 0.001 h, A 4.57 ± 0.25 b c, A

P-Commercial rice 2.50 ± 0.12 b c d, A 0.08 ± 0.001 e, A 0.02 ± 0.001 a b, A 2.78 ± 0.001 a b, A 4.38 ± 0.42 a b, A

PC-20.0 2.35 ± 0.20 b c, B 0.09 ± 0.001 e f, B 0.02 ± 0.001 a b, B 1.77 ± 0.001 a, B 5.12 ± 0.54 c d, A

PC-20.10 4.47 ± 0.07 g, B 0.13 ± 0.001 h i, A 0.09 ± 0.001 f, B 3.09 ± 0.001 a b c, B 8.20 ± 0.74 g h, A

PC-40.0 3.52 ± 0.22 f, B 0.07 ± 0.001 c d, B 0.02 ± 0.001 a b, B 3.89 ± 0.01 a b c, B 5.97 ± 0.36 f, A

PC-40.10 4.59 ± 0.25 g h, B 0.13 ± 0.001 h i, A 0.08 ± 0.001 f, A 2.91 ± 0.01 a b c, B 10.01 ± 0.62 h i, A

PC-60.0 3.21 ± 0.27 e f, B 0.06 ± 0.001 c d, B 0.02 ± 0.001 a b, B 1.37 ± 0.001 a, B 8.77 ± 0.86 g h, A

PC-60.10 5.03 ± 0.26 h i j, B 0.14 ± 0.001 j, A 0.10 ± 0.001 g, A 0.91 ± 0.001 a, B 10.32 ± 1.22 k, A

PC-80.0 3.29 ± 0.20 e f, B 0.09 ± 0.001 f, B 0.03 ± 0.001 c, B 5.33 ± 0.001 a b c d e, A 8.09 ± 0.72 j, A

PC-80.10 5.83 ± 0.55 k l, B 0.14 ± 0.001 i, B 0.07 ± 0.001 e, B 6.41 ± 0.001 b c d e f, A 9.31 ± 0.60 l, A

PC-Bean 2.66 ± 0.18 c d, B 0.06 ± 0.001 b c, B 0.01 ± 0.001 a, B 3.22 ± 0.001 a b c, A 6.99 ± 0.65 k, A

PC-Rice 2.11 ± 0.06 a b, A 0.05 ± 0.001 a, A 0.02 ± 0.001 a b, A 13.19 ± 0.001 i, B 4.66 ± 0.74 b c, A

PC-Commercial rice 1.80 ± 0.07 a, B 0.07 ± 0.001 d, A 0.01 ± 0.001 a, A 2.63 ± 0.001 a b c d, A 3.08 ± 0.51 a b, A

Values are means ± standard deviation (n = 4). Mean values in the same column followed by a different
superscript letter are significantly different (p < 0.05); small superscript letters mean differences among all of the
samples analyzed, whereas capital superscript letters mean differences due to the cooking treatment for the same
formulation. C3GE, cyanidin-3-glucoside equivalents; QE, quercetin equivalents; CAE, caffeic acid equivalents; CE,
(+) catechin equivalents.

It is well known that phenols have antioxidant, anti-inflammatory, and antimicrobial properties [48].
Consequently, they are preventive agents against several degenerative diseases, and in vitro, they are
associated with a low incidence of several types of cancer (breast, skin, prostate, and colon cancer), as
well as cardiovascular diseases [41]. Carob flour was described by Avallone et al. [14] as a rich source of
phenolic compounds linked to antioxidant and cytotoxic activities. The daily phenols intake depends
on specific dietary preferences and socio-cultural factors of different countries. In general, it is accepted
that the total polyphenol intake for the overall population is about 900 mg/day [48,49]. At present, there
is no a dietary recommended intake of phenolic compounds to exert these healthy effects; although,
some authors have reported a minimum dose of 300 mg of total phenols to obtain health benefits. In
this regard, one serving (60 g) of the experimental rice/bean fettuccine supplemented with 10% WCF
could supply, on average, 300 mg of total phenols, that, in addition, represent a third of the daily intake
of phenols. Thus, the consumption of the experimental rice/bean-based fettuccine supplemented with
10% WCF would be valuable for a balanced diet with some health-related functions.

A principal component analysis (PCA) was carried out on the results obtained regarding the
different bioactive compounds and the antioxidant activity (ORAC) of the uncooked (P-) and cooked
(PC-) experimental fettuccine and the commercial rice pasta (control). The first three principal
components explained 84.29% of the total variance (supplementary PCA file, Figures S2 and S3). The
first two principal components (Figure S2) explained a relative percentage of 72.56%. PC1 was most
correlated with total IP, total α-galactosides, tartaric esters, and antioxidant activity, and PC2 was
most correlated with protease inhibitors and flavonols. The percentage of legumes in the experimental
fettuccine was well-described by PC1, and the cooking effect was well–described by both PC1 and
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PC2. Lectin and anthocyanin content contributed, to a higher extent, to explaining the variance of PC3
(11.74%).

3.6. Color Analysis

Color is a primary parameter for consumers’ acceptance of a product such as dry and cooked
pasta. Food color without additives mainly depends on the composition of raw materials (protein,
dietary fiber, phenols, etc.) used in the elaboration of the pasta [15]. In general, it was observed that an
enrichment of wheat pasta samples with other kinds of flours caused an overall darkening of the pasta
color shade, yielding a significant decrease in L* value [50].

The color values of the uncooked and cooked fettuccine, as well as those of the commercial sample,
are shown in Table 6. The increase in bean percentage in the formulation did not cause significant
changes in the luminosity (L*) of the uncooked fettuccine; however, there was an increase (p < 0.05) in
the yellow hue (b*), similarly to that reported by Gallegos-Infante et al. [18]. The color parameters of
both the cooked and uncooked fettuccine showed significant differences (p < 0.05) between the samples
with or without WCF. The fettuccine supplemented with 10% WCF had lower values of L*, and they
resulted in redder (a*) (p < 0.05) and less yellowish samples in comparison to the formulations with
equal bean content but without WCF. These differences can be linked to the brown color of the raw
WCF and the processing conditions, both in the making and the cooking processes [1,15].

Table 6. Effects of the cooking process on the color values in the CIELab space of the uncooked (P-) and
cooked (PC-) fettuccine and the commercial rice pasta.

Formulation Uncooked Pasta (P-) Cooked Pasta (PC-)

L* a* b* L* a* b*

20.0 84.56 ± 0.21 g h, A 1.42 ± 0.03 f, A 16.62 ± 0.14 h, A 65.03 ± 1.30 d, B –1.57 ± 0.17 a b, B 12.37 ± 1.26 c, B

20.10 69.31 ± 0.15 e, A 4.58 ± 0.07 j, A 14.59 ± 0.17 e f, A 44.44 ± 1.42 a, B 7.37 ± 0.63 m, B 12.60 ± 0.78 c d, B

40.0 84.98 ± 0.12 h, A 1.72 ± 0.05 f g, A 18.16 ± 0.23 i, A 65.69 ± 0.61 d, B –1.27 ± 0.21 b c, B 15.00 ± 0.76 f, B

40.10 70.07 ± 0.12 e, A 4.27 ± 0.06 j, A 15.39 ± 0.12 f g, A 45.73 ± 1.17 a b, B 6.42 ± 0.47 l, B 12.56 ± 0.42 c d, B

60.0 83.25 ± 0.28 f g, A 2.51 ± 0.06 h, A 20.56 ± 0.44 j, A 65.63 ± 1.08 d, B –1.04 ± 0.30 c, B 16.23 ± 1.19 g h, B

60.10 69.05 ± 0.29 e, A 4.23 ± 0.01 j, A 15.41 ± 0.11 f g, A 47.06 ± 1.48 b, B 5.68 ± 0.50 k, B 11.58 ± 0.63 b c, B

80.0 83.66 ± 0.12 g h, A 2.12 ± 0.03 g h, A 19.58 ± 0.08 i, A 65.43 ± 1.19 d, B –0.50 ± 0.4 d, B 17.77 ± 1.24 i, B

80.10 68.44 ± 0.27 e, A 4.69 ± 0.08 j, A 18.29 ± 0.27 j, A 46.26 ± 1.04 b, B 5.84 ± 0.52 k, B 13.63 ± 0.63 d e, B

Bean 100% 81.93 ± 0.16 f, A 3.44 ± 0.03 i, A 22.85 ± 0.14 k, A 64.53 ± 1.20 d, B 0.63 ± 0.35 e, B 19.98 ± 0.61 j, B

Rice 100% 87.02 ± 0.10 i, A 0.69 ± 0.01 e, A 11.55 ± 0.05 b c, A 62.93 ± 2.09 c, B –1.86 ± 0.11 a, B 4.42 ± 0.61 a, B

Commercial rice 92.01 ± 0.05 j, A 0.30 ± 0.001 e, A 11.07 ± 0.10 b, A 70.08 ± 1.36 e, B –1.60 ± 0.19 a b, B 12.66 ± 1.54 c d, B

Values are means ± standard deviation (n = 12). Mean values in the same column followed by a different superscript
letter are significantly different (p < 0.05); small superscript letters mean differences among all of the samples
analyzed, whereas capital superscript letters mean differences due to the cooking treatment for the same formulation.
L*, luminosity; a*, redness/greenness; b*, yellowness/blueness.

These changes in the luminosity were strongly and positively correlated to the fortification with
10% WCF: L* = 69.563 − 1.902 × %WCF (R2 = −0.72); which is in concordance with the fortified
pasta elaborated with 5% carob fiber reported by Chillo et al. [1]. The cooked fettuccine without
WCF resulted in a less-red and less-yellow pasta than the cooked samples with WCF. In general, the
cooked pasta was darker with brown hues, probably due to the transformation of carbohydrates by
the reactions of Maillard during thermal processing [43]. The dry (P-) and cooked (PC-) commercial
pasta had the highest lightness values (92.01 and 70.08, respectively) of all of the analyzed samples,
while the fettuccine elaborated with 100% bean were the most yellow ones (22.85 and 19.98, P-Bean
and PC-Bean, respectively). In the market, many types of colored pastas are available (whole grain,
fortified with vegetables, inks, etc.), Thus, although the color of the novel pasta is different from the
control pasta (Figure S1), they would be easily accepted by consumers.

3.7. Texture Analysis

Regarding the textural parameters of cooked pastas, firmness and stickiness play an important
role in the acceptability of pasta by consumers, where a sticky pasta is generally unacceptable [46].
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The texture values (Table 7) of the GF pasta elaborated with rice and bean show an increase in the
hardness as the percentage of bean increased in the formulation, corresponding to the highest hardness
of 70.36 N in the PC-Bean fettuccine, as per the occurrence in precooked rice–yellow pea pasta and
faba bean pasta reported by Bouasla et al. and Rosa-Sibakov et al. [50,51], respectively. Nevertheless,
the supplementation of fettuccine with 10% WCF decreased the hardness compared to the same
pasta without WCF, probably due to the increase in dietary fiber content, which may have led to the
formation of crashes or breaks inside the fettuccine strand, thus weakening the pasta structure [46,52].
The adhesiveness of fettuccine, in general, showed a slight increase with the increase in the bean
percentage; on the contrary, a higher percentage of bean produced lower stickiness. Bouasla et al. [51]
reported the same tendency in precooked rice–yellow pea pasta.

Table 7. Instrumental measure of the texture of the cooked fettuccine (PC-) and the commercial pasta
(control).

Hardness Stickiness Adhesiveness Cutting

Sample (N) (N) (N·s) Firmness (N) Consistency (N·s)

PC-20.0 58.31 ± 0.62 d 9.21 ± 0.19 a –0.44 ± 0.12 a 3.14 ± 0.04 d e 5.39 ± 0.06 b

PC-20.10 44.49 ± 0.44 b 6.66 ± 0.16 b c –0.41 ± 0.09 a b c 3.14 ± 0.02 d e 5.39 ± 0.04 b

PC-40.0 55.56 ± 0.21 c d 6.96 ± 0.20 b c –0.39 ± 0.11 a b c 3.23 ± 0.02 d e 6.17 ± 0.05 c d

PC-40.10 53.51 ± 0.25 c d 5.88 ± 0.18 c d –0.35 ± 0.07 b c d 4.02 ± 0.08 f 5.49± 0.10 b c

PC-60.0 58.21 ± 0.37 d 4.61 ± 0.12 d –0.30 ± 0.06 d 3.33 ± 0.04 e 6.47 ± 0.08 d

PC-60.10 53.21 ± 0.42 c 6.47 ± 0.12 c –0.40 ± 0.05 a b c 2.74 ± 0.04 b c 5.29 ± 0.09 b

PC-80.0 63.50 ± 0.46 e 7.94 ± 0.14 a b –0.45 ± 0.07 a 4.02 ± 0.03 f 8.13 ± 0.09 e

PC-80.10 68.21± 0.70 f 6.17 ± 0.13 c –0.42 ± 0.06 a b 2.94 ± 0.07 c d 6.66± 0.09 d

PC-Bean 70.36 ± 0.65 f 4.51 ± 0.15 d –0.32 ± 0.09 c d 4.70 ± 0.03 g 10.58 ± 0.15 f

PC-Rice 35.28 ± 1.17 a 9.11 ± 0.35 a –0.39 ± 0.10 a b 1.96 ± 0.04 a 3.53 ± 0.08 a

PC-Commercial 31.26 ± 0.32 a 2.74 ± 0.04 e –0.37 ± 0.09 a b c d 2.45 ± 0.03 b 8.53± 0.11 e

Values are means ± standard deviation (n = 12). Mean values in the same column followed by a different superscript
letter are significantly different (p < 0.05).

The addition of 10% WCF in the formulations produced, in general, a decrease in both the
adhesiveness and the stickiness, although the changes in the adhesiveness were non-significant. The
cooked samples with higher stickiness corresponded to the PC-20.0 and PC-Rice samples (9.21 N and
9.11 N, respectively). A reduction of the stickiness was also reported by other authors in amaranthus
whole meal flour-based pasta fortified with quinoa, broad bean, or chickpea flour [1]. Both parameters
are related to the amount of starch granules in the surface of the cooked pasta, the amount and type of
dietary fiber, and the protein content. The manufacturing process utilized can also affect the textural
parameters [2]. During the elaboration of the pasta by cold extrusion, the screw produced a mechanical
heat able to pre-gelatinize some amount of the rice starch [53]. This pre-gelatinized starch, together
with the unmodified starch granules, the high amount of fiber and protein, as well as the presence of
caroubin (with similar properties of gluten), is responsible of the reduction in stickiness after cooking.

Considering the values obtained regarding the firmness and consistency from the cutting analysis,
it can be observed that an increase in the bean content produced an increase in the value of both
parameters. These increases were significant for samples with more than a 60% bean content, with the
corresponding maximum values belonging to the PC-Bean sample (4.7 N and 10.58 N·s, respectively),
while the minimum values corresponded to the fettuccine elaborated with 100% rice (1.96 N and
3.53 N·s, respectively). The addition of WCF produced a decrease in both parameters, related to the
weakening of the fettuccine matrix due to the increase in the dietary fiber and the decrease of starch
content of the fettuccine [15], which is in concordance with the hardness values obtained above.

In general, the elaborated fettuccine showed higher values of hardness (1.1–2 times) and stickiness
(1.6–3.3 times), similar adherence, higher values of firmness (1.1–1.9 times), and lower consistency
values (1.1–2.5 times) than the commercial sample analyzed. A firm and hard texture would be
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desirable because it allows a correct hydration of the pasta, which restricts the swelling of starch
granules and prevents the easy fracturability that characterizes gluten-free pasta [36,54].

The changes in the texture parameters could also be related to the presence of bioactive compounds
in the fettuccine. Taherian et al. [55] and Tsai et al. [56] reported that phytic acid (IP6) and phenols,
respectively, can induce changes in the hardness of food products. To estimate the possible influence of
bioactive compounds on the texture parameters, correlation Pearson’s coefficients were calculated. The
results of the hardness and firmness parameters correlated well with most of the bioactive compounds
analyzed (Table S2). In the case of hardness, a strong positive correlation was observed with total
inositol phosphates (R2 = 0.84; p = 0.0000), total galactosides (R2 = 0.73; p = 0.0000), and protease
inhibitors (R2 = 0.81; p = 0.0000). The firmness showed a moderate and positive correlation with the
same bioactive compounds, with Pearson’s coefficients of 0.58 (p = 0.0000), 0.57 (p = 0.0000), and 0.63
(p = 0.0000) for inositol phosphates, galactosides, and protease inhibitors, respectively.

4. Conclusions

The experimental fettuccine revealed a great health potential due to their bioactive compound
composition. The inositol phosphates and protease inhibitors showed a slight increase, whereas
α-galactosides, total phenols content, and antioxidant activity showed a decrease after cooking. Even
though there is not a recommended dietary intake, according to the data found in the literature, the
amount detected of these bioactive compounds in the different fettuccine would be enough to maintain
their healthy characteristics (e.g., prebiotics, antioxidants, anticarcinogenic, etc.) and to reduce their
associated drawbacks (e.g., flatulence, reduction of mineral bioavailability, impairment of digestion,
etc.). The lectin content was eliminated by the cooking process, avoiding the toxic problems associated
with their consumption. The addition of high percentages of bean improved the bioactive compound
content, as well as the texture of the fettuccine. The pasta supplemented with 10% whole carob fruit
was darker with brown hues, and showed better texture parameters (less hard, less sticky, and less
adhesive) than the formulations without this legume. The improvement of the texture parameters
observed could meet the expectation of consumers of GF products.

In comparison to the commercial sample, except that of 100% rice, all of the experimental fettuccine
contained higher amounts of bioactive compounds, notably those supplemented with carob fruit, being
a suitable nutritional and healthy alternative to the commercially available gluten-free rice-based pasta
for celiac individuals and for the general population that consume gluten-free products.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/4/415/s1. Table
S1: Correlation coefficients between the phenolic compounds and the antioxidant activity; Table S2: Correlation
coefficients between the bioactive compounds and the instrumental texture parameters of cooked fettuccine; Figure
S1: The uncooked experimental rice/bean fettuccine without (20.0, 40.0, 60.0, 80.0, bean 100%, rice 100%) and with
(20.10, 40.10, 60.10, and 80.10) whole carob fruit and the commercial rice pasta (control); Figure S2: Principal
components analysis (PCA) projection of the PC1 and PC2 principal components. P-, uncooked pasta; PC-, cooked
pasta. Parameters: Total inositol phosphates (IP Total), total α-galactosides, sucrose, protease inhibitors (TIU and
CIU), lectins, total phenolics, tartaric esters, flavonols, anthocyanins, and antioxidant capacity (ORAC); Figure S3:
Principal components analysis (PCA) projection of the PC1, PC2, and PC3 principal components. P-, uncooked
pasta; PC-, cooked pasta. Parameters: Total inositol phosphates (IP Total), total α-galactosides, sucrose, protease
inhibitors (TIU and CIU), lectins, total phenolics, tartaric esters, flavonols, anthocyanins, and antioxidant capacity
(ORAC).
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12. Biernacka, B.; Dziki, D.; Gawlik-Dziki, U.; Różyło, R.; Siastała, M. Physical, sensorial, and antioxidant
properties of common wheat pasta enriched with carob fiber. LWT 2017, 77, 186–192. [CrossRef]

13. Feillet, P.; Roulland, T.M. Caroubin: A gluten-like protein isolated from carob bean germ. Cereal Chem. 1998,
75, 488–492. [CrossRef]

14. Avallone, R.; Plessi, M.; Baraldi, M.; Monzani, A. Determination of Chemical Composition of Carob (Ceratonia
siliqua): Protein, Fat, Carbohydrates, and Tannins. J. Food Compos. Anal. 1997, 10, 166–172. [CrossRef]
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Abstract: In this study, fortified pasta was prepared by replacing semolina with 0, 5, and 10 g/100 g
of grape pomace (GP), a food industry by-product, rich in fiber and phenols. GP inclusion in pasta
significantly reduced its optimum cooking time and the swelling index, while also increasing the
cooking loss (p < 0.05). Furthermore, pasta firmness and adhesiveness were enhanced by the GP
addition, as well as the total phenol content and the antioxidant activity, evaluated through ABTS
and FRAP assays (p < 0.05). From a nutritional point of view, increasing amounts of GP resulted in a
significative decrease in the rapidly digestible starch and an increase in the slowly digestible starch,
while the predicted in vitro glycemic index was also reduced (p < 0.05). Sensory analysis showed
that fortified spaghetti had good overall acceptability, and the results suggest that GP-fortified pasta
could represent a healthy product with good technological and sensory properties.

Keywords: agro-industrial by-product; fortified pasta; dietary fiber; phenolic compounds;
starch digestibility

1. Introduction

Pasta, a staple food consumed worldwide, can represent an excellent choice for the addition
of bioactive compounds [1,2]. Considering the concepts associated with the circular economy, the
possibility of using food industry by-products as a source of bioactive compounds, such as antioxidants
and dietary fibers [3,4], is of interest. Among the various food industry by-products with potential
healthy properties, grape pomace (GP), a residue of grape processing in wine production, may be
an interesting ingredient. GP represents about 20% of the mass of total processed grapes and it is
estimated that for every 100 liters of produced wine, about 17 kg of GP must be disposed. Grape skins
represent more than 80% of the wet weight of GP and being rich in phenolic compounds and dietary
fiber may be an interesting and cheap source of healthy moieties [5–7]. In humans, phenolic compounds
exert a wide range of beneficial physiological activities, and many epidemiological studies associate a
phenolic-rich diet with the prevention of several pathologies, such as cardiovascular diseases, diabetes,
as well as some types of cancer [8–10]. GP also contains a noticeable quantity of dietary fiber (DF),
whose level depends on several factors, among which is the grape variety. For red grapes, the DF
content has been reported to range between 51% and 74% (by weight on dry matter) and the DF
consumption may help in reducing the incidence of some types of cancer, as well as the development of
diabetes. Moreover, fibers improve satiety and intestinal peristalsis, favor blood cholesterol decrease,
and prevent obesity [11–14]. While the recommended DF intake is 25–30 g per day, this value is often
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not reached because of the modern eating habits, and the availability of fiber-enriched or fortified
foods may represent a good opportunity for consumers to increase their daily fiber intake [15].

Nowadays, pasta is a product consumed worldwide and represents a remarkable staple food to
convey bioactive compounds. To achieve this, several studies have been carried out to develop pasta
with enhanced nutritional properties by using, for instance, olive pomace, carrot pomace, and tomato.
The addition of these ingredients in pasta formulation, as well as the increase in dietary fiber and
antioxidant activity, generally result in the modification of the technological and cooking properties,
starch digestibility, and glycemic index [4,16–18]. In this framework, GP can represent a valuable
ingredient to produce fortified food items, and this study aimed to evaluate the effects of replacing
durum wheat semolina with different levels of GP in the production of durum wheat spaghetti (0/100,
5/95, and 10/90 g GP/g semolina). The effects on pasta quality were assessed for cooking properties,
color, and texture. The nutritional properties of GP-fortified pasta were also evaluated, considering the
total polyphenol content, the antioxidant capacity and the “in vitro” starch digestibility. Finally, the
sensory properties of the fortified prepared spaghetti were also appraised.

2. Materials and Methods

2.1. Grape Pomace Powder Preparation and Chemical Composition

Grape pomace from Vitis vinfera L cv. Corvina, a red grape used for Amarone wine production,
was kindly supplied by Tinazzi srl (Verona, Italy). The GP, after alcoholic fermentation, was separated,
pressed, and immediately recovered and dried in a vacuum oven (VD 115 Binder GmbH, Tuttlingen,
Germany) (40 ◦C, 30 kPa) until reaching a final moisture content of 11.0 g water/100 g GP. Afterwards,
the stems and seeds were manually removed from the pomace and the by-product was milled (GM200
Retsch, Haan, Germany) to obtain a powder with a particle size < 0.2 mm. The GP was then stored
in an airtight, dark plastic container until analyzed or used for pasta preparation. The GP chemical
composition was assessed in triplicate according to the following AOAC standard methods: 930.15
for moisture, 976.05 for protein, 985.29 for total fiber, and 942.05 for ash content [19]. All chemical
components were expressed as g/100 g of dry matter (DM).

2.2. Pasta Preparation

Commercial durum wheat semolina was purchased in a local market, and the following is the
nutrient composition reported on the label: carbohydrates 71.8 g/100 g, protein 11 g/100 g, fat 1.8 g/100 g,
fiber 3 g/100 g. Pasta was prepared, replacing semolina with different GP amounts, obtaining the
samples GP0, GP5, and GP10 (0/100, 5/95 and 10/90 g GP/g semolina). The dough was prepared using
a professional pasta machine (Mod. Lillodue, Bottene, Marano Vicentino, Italy) by adding 35% of
tap water at 40 ◦C to pure semolina or to the blend GP-semolina. The dough was mixed for 10 min
before being extruded through a 1.75-mm bronze spaghetti die, cutting the spaghetti at the standard
industrial length of 250 mm. The spaghetti were air-dried at 50 ◦C in a Juan laboratory drier (Thermo
Fisher Scientific, Waltham, MA, USA) until reaching a residual moisture content of 12 g water/100 g
pasta. The pasta samples were then cooked in boiling distilled water in a ratio 1:10 (w/v). The optimum
cooking time was assessed experimentally.

2.3. Pasta Properties Determination

Pasta moisture content, optimum cooking time (OCT), and cooking loss (CL) were assessed
according to the AACC methods 44-15A and 66-50 [20]. The swelling index (SI) was measured
according to the procedure reported by Clearly and Brennan [21].
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2.4. Color Analysis

Uncooked and cooked spaghetti color was measured with a reflectance colorimeter (Minolta
Chroma meter CR-300, Osaka, Japan) (illuminant D65) following the CIE - L* a* b* color system. Each
measure was made in triplicate.

2.5. Texture Analysis

A TA-XT plus Texture Analyser (Stable Micro Systems, Godalming, UK) equipped with a 5-kg
load cell was used to measure the cooked pasta firmness and adhesiveness. The firmness test was
performed according to the AACC 16-50 method [20]. Samples were put side by side on the lower
plate perpendicularly to a probe and compressed by a superior plate (speed 2 mm/s, percentage of
deformation 75%). The firmness was recorded as the maximum force required to compress the pasta
samples, and the adhesiveness was defined as the negative peak force required to separate the probe
from the sample surface.

2.6. Determination of Total Phenolic Compounds, ABTS, and FRAP Assay

One gram of each sample (GP, GP0, GP5, GP10) was extracted for 24 h, at room temperature,
with 15 mL of MeOH:HCl (97:3) under continuous stirring in the dark [22]. After centrifugation at
3500 g for 10 min at 4 ◦C, the supernatant was recovered and utilized for assessing the total phenolic
content (TPC), ABTS and FRAP radical scavenging activities. The TPC was determined according to
Singleton and Rossi [23] with slight modifications. In detail, 0.2 mL of the extract was mixed with 0.2
mL of Folin-Ciocalteau reagent. After 5 min, 4 mL of Na2CO3 solution (0.7 M) was added and the
final volume was brought to 10 mL using Milli-Q water. After 1 h, the absorbance of the solution was
measured at 725 nm (ATi Unicam UV2, Akribis Scientific, Cambridge, UK). The TPC was expressed as
mg of gallic acid equivalent (GAE)/g of dry matter (DM). The ABTS assay was performed according to
the method proposed by Del Pino-García et al. [22]. A stock solution of the radical cation (ABTS•+)
was prepared by incubating in the dark for 12 h, at room temperature, with ABTS (7 mM) and K2S2O8
(2.45 mM) (1:1 ratio). Subsequently, 0.2 mL of the methanolic extract obtained as described were added
to 9.8 mL of ABTS•+ working solution and incubated at room temperature, in the dark, for 30 min.
Absorbance was measured spectrophotometrically at 734 nm. The results were expressed as the μM
of Trolox equivalent (TE)/g of DM, using a Trolox calibration curve. The FRAP assay was performed
according to Benzie and Strain [24]. The FRAP reagent was obtained by mixing in a volume ratio
of 10:1:1, a sodium acetate buffer (300 mM, pH 3.6), TPTZ solution (10 mM) in HCl (40 mM), and a
FeCl3.6H2O solution (20 mM). A total of 10 μL of the methanolic extract were mixed with 1 mL of
MilliQ water and 1.8 mL of FRAP reagent. The absorbance was then measured at 593 nm and the
results expressed as μM of TE/g of DM, using a Trolox calibration curve.

2.7. Starch Fractions Determination

Rapidly digestible starch (RDS) and slowly digestible starch (SDS) were measured in cooked pasta
samples according to the method of Englyst et al. [25], slightly modified. Briefly, the starch hydrolysis
of pasta cooked to the optimum was performed at 37 ◦C using an enzyme mixture composed by
pancreatic amylase (1350 U), amyloglucosydase (3300 U), and invertase (2000 U). The amount of
glucose released after pasta starch hydrolysis was measured spectrophotometrically at 510 nm using a
glucose oxidase kit (GOPOD, Megazyme, Ireland). The RDS value was calculated considering the
amount of glucose released after 20 min of enzymatic reaction. SDS was determined by subtracting the
glucose released after 20 min from the glucose released after 120 min. The resistant starch (RS) was
measured according to the Megazyme protocol (K-RSTAR, Megazyme, Ireland).
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2.8. Hydrolysis Index and Predicted Glycemic Index

The hydrolysis index was determined according to Simonato et al. [4]. Briefly, 100 mg of cooked
pasta was incubated at 37 ◦C in glass vials, adding 4 mL of maleic buffer (pH 6) containing 40 mg of
pancreatic α-amylase (3000 U/mg) and 4 μL of amyloglucosidase solution (300 U/mL) (Megazyme
Ltd.). After 0, 30, 60, 120, and 180 min, the reaction was stopped by adding 4 mL of pure ethanol,
and the solution was centrifuged at 2500 g for 10 min. D-Glucose was assessed as described above.
The hydrolysis index (HI) was considered as the percentage between the area under the hydrolyses
curve (0–180 min) of each pasta sample and the corresponding area of a white bread curve, used as a
reference. The predicted glycemic index (pGI) was measured according to the formula proposed by
Granfeldt et al. [26]: pGI = 8.198 + 0.862 × HI.

2.9. Scanning Electron Microscopy

The microstructure of cross sections of uncooked and cooked pasta samples were observed
using a TM-1000 Environmental Electronic Scanning Microscope (Hitachi High-Technology, Tokyo,
Japan) equipped with an accessory door tilt and rotate port plate (Deben, UK) at room temperature.
The pasta samples were viewed using 1200× magnification, and the images were processed with
AdobePhotoshop 6.0.

2.10. Sensory Evaluation

The sensory profile of pasta samples was assessed by using a panel of 30 individuals (14 men,
16 women; 23–54 years old) and the informed consent was obtained from each subject prior to their
participation in the study. The judges were trained to recognize different intensities of 12 sensory
attributes (Appearance: typical semolina pasta color, color uniformity, starch release; Taste: sweet,
acid; Aroma: pasta, wine, acid; Texture: astringent, roughness, adhesiveness, graininess). Each judge
received 15 g of cooked pasta placed in a container with a lid. The order of sample presentation
was balanced and randomized among judges. A 9-point scale, in which 1 represented the lowest
intensity and 9 the highest intensity for each attribute, was used. Mean sensory scores from the 30
panel members for each attribute were then calculated. Panelists were asked also to give a comment
on the overall acceptability of pasta.

2.11. Statistical Analysis

The analyses were carried out in triplicates and the mean values ± standard deviation are reported.
The variables were tested for significance using one-way analysis of variance (ANOVA). Differences
among means were assessed using Tukey’s HSD test (p < 0.05). All the statistical analyses were carried
out using the statistical software R project (version 3.2.3 December 2015) [27].

3. Results and Discussion

3.1. Grape Pomace Composition

The assessed chemical composition of the dried GP was as follows: moisture (11.0 ± 0.2 g/100 g
DM), protein (11.19 ± 0.97 g/100 g DM), total fiber (52.3 ± 2.1 g/100 g DM), ash (4.17 ± 0.87 g/100 g DM).

3.2. Cooking, Textural Properties, and Color Value

Cooking and textural properties of control and fortified pasta samples are reported in Table 1.
GP addition caused a significant reduction in the OCT values (p < 0.05), and this could be explained
considering that high GP levels may cause a decrease in the overall gluten quantity, affecting the
starch–protein structure and, hence, the texture and cooking properties of the spaghetti [28]. The high
GP fiber content (52.3 ± 2.1 g/100 g GP), in comparison to the content of the control (3 g/100 g) could
contribute to altering the gluten matrix, therefore allowing swift water entry into the pasta central core
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during cooking and inducing an earlier starch gelatinization and OCT reduction. CL is an index of the
capability of the pasta starch–protein matrix to retain its structural integrity during cooking [29].

Table 1. Cooking quality parameters and texture analysis of control pasta (GP0) and pasta fortified
with different percentages of grape pomace (GP5 and GP10). The values are reported as mean ±
standard deviation.

Pasta Samples
Optimum Cooking

Time (min)
Cooking Loss

(%)
Swelling Index (g
Water/g Dry Pasta)

Firmness (N)
Adhesiveness

(N)

GP0 6.0 6.61 ± 0.03 a 3.59 ± 0.08 a 104.20 ± 0.01 a −0.11 ± 0.01 a

GP5 5.5 8.18 ± 0.23 b 2.98 ± 0.21 b 113.44 ± 0.02 b −0.45 ± 0.02 b

GP10 5.0 9.48 ± 0.10 c 0.97 ± 0.03 c 135.80 ± 0.02 c −0.66 ± 0.02 c

Values with different superscripts within the same column are significantly different for p < 0.05.

It has been reported that the addition of fiber can cause a CL increase as fiber may interfere with
the starch gluten network, causing its weakening. Consequently, starch gelatinization could occur
more rapidly, justifying the OCT reduction and higher leaching of the gelatinized starch from the
pasta into the water during cooking [30,31]. The experimental data showed that GP addition caused
a significant CL increase, both in GP5 and GP10 spaghetti (p < 0.05). Pasta fortification caused a
significant reduction of the SI value (p < 0.05) that could be ascribed to the competition for water
between fiber and starch during pasta cooking. Fiber addition through GP fortification also caused
an increase in spaghetti firmness (p < 0.05). A similar trend has been reported in the literature when
studying the enrichment of durum wheat spaghetti with Barley BalanceTM, even if opposite results
have been reported when using different sources of fiber (e.g., inulin, guar gum) [28]. Adhesiveness
also showed a significant increment in the GP5 and GP10 samples with respect to plain spaghetti. This
could be ascribed to the breaking of the continuous structure of the pasta due to the fiber addition [32].

With regards to the pasta color, Table 2 shows that a progressive increase in GP concentration
led to a significant reduction in lightness (L*) both in uncooked and cooked spaghetti. An increase in
redness (a*) was also evident along with a GP increase for both uncooked and cooked pasta with a
major extent for the latter. Moreover, redness values for uncooked GP5 and GP10 were not significantly
different, unlike what was observed in the same samples of cooked pasta. A significant decrease
in yellowness (b*) was evident with the progressive addition of GP in both cooked and uncooked
spaghetti compared to GP0.

Table 2. Color analysis of uncooked and cooked control pasta (GP0) and pasta fortified with different
percentages of grape pomace (GP5 and GP10). The data, reported as mean ± standard deviation, are
expressed as L*, a*, and b* values.

Pasta
Samples

L* a* b*

Uncooked Cooked Uncooked Cooked Uncooked Cooked

GP0 65.95 ± 2.45 a 70.13 ± 1.90 a −0.61 ± 0.34 b −5.57 ± 0.18 c 16.18 ± 0.92 a 14.24 ± 1.19 a

GP5 47.64 ± 2.57 b 43.28 ± 0.52 b 1.46 ± 0.45 a 4.84 ± 0.32 b 6.50 ± 0.44 b 6.06 ± 0.64 b

GP10 43.55 ± 3.03 b 33.43 ± 1.75 c 1.62 ± 0.04 a 6.61 ± 0.60 a 5.27 ± 0.11 c 5.27 ± 0.10 b

Values with different superscripts within the same column are significantly different for p < 0.05.

3.3. Polyphenols and Antioxidant Activity

The TPC quantity of GP powder was 34.45 ± 0.38 mg GAE/g DM, while the antioxidant activity
was 393.43 ± 2.58 and 171.18 ± 0.74 μM TE/g DM evaluated by FRAP and ABTS, respectively. In the
fortified spaghetti, the TPC content, as well as the antioxidant activity assessed by ABTS and FRAP
assays, showed to be significantly higher in comparison to the control (p < 0.05) (Table 3). The TPC
and antioxidant activity were positively correlated to the quantity of GP added, both in uncooked
and cooked to the optimum spaghetti (r > 0.87). The cooking treatment caused a significant decrease
(p < 0.05) in the antioxidant activity and of the assessed TPC values, whose reduction ranged from
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24 to about 30% in GP5 and GP10 samples. Similar results are reported in the literature and could
be ascribed to the degradation of phenolic compounds during cooking or to their leaching into the
cooking water [4,17].

Table 3. Total phenolic component (TPC) and antioxidant activity (FRAP and ABTS) of cooked and
uncooked control pasta (GP0) and pasta fortified with different percentages of grape pomace (GP5 and
GP10). The values are expressed as mean ± standard deviation.

Pasta Samples TPC (mg GAE/g dw) FRAP (μM TE/g dw) ABTS (μM TE/g dw)

Uncooked GP0 0.43 ± 0.03 e 0.30 ± 0.09 e 2.85 ± 0.06 c

Uncooked GP5 1.38 ± 0.04 c 8.27 ± 0.27 c 3.63 ± 0.18 b

Uncooked GP10 2.57 ± 0.06 a 11.32 ± 0.20 a 4.50 ± 0.20 a

Cooked GP0 0.15 ± 0.02 f 0.09 ± 0.07 f 0.60 ± 0.04 e

Cooked GP5 1.05 ± 0.14 d 7.34 ± 0.32 d 2.46 ± 0.22 d

Cooked GP10 1.81 ± 0.11 b 9.42 ± 0.21 b 4.40 ± 0.15 a

Values with different superscripts within the same column are significantly different for p < 0.05.

However, despite the recorded TPC losses, cooked pasta still has a good antioxidant capacity due
to the polyphenol compounds retained in the structure. GP fortification caused a significant increase
in the antioxidant activity of the pasta samples, both in the uncooked and cooked states (p < 0.05), and
the measured antioxidant activity showed to be strictly correlated to the quantity of GP added to the
dough according to both ABTS (r = 0.82) or FRAP (r = 0.93) assay (Table 3).

3.4. In Vitro Starch Digestibility

The evaluation of the nutritional quality of GP-fortified pasta, in terms of starch digestibility,
was carried out using a well-established in vitro assay, validated also in vivo and recognized by the
European Food Safety Authority [33]. On the base of the hydrolysis rate and extent, starch can be
classified into different fractions: rapidly digestible starch (RDS), slowly digestible starch (SDS), and
resistant starch (RS) [25]. The obtained data are reported in Table 4, together with the predicted
glycemic index. In comparison to the control, increasing GP amounts in the dough caused a reduction
in the RDS value, responsible for a rapid increment of glucose and insulin levels in the blood. The
reduction was statistically significant for the GP10 sample, the RDS value being about 13% lower
than that assessed in the control (p < 0.05). SDS is the starch fraction that undergoes slow digestion,
allowing to maintain the glucose level in the blood over time and being a good indicator of the glycemic
response in humans [34].

Table 4. Starch fractions expressed as percentages of the total starch and predicted glycemic index
(pGI) of cooked control pasta (GP0) and cooked pasta fortified with different percentages of grape
pomace (GP5 and GP10). RDS: rapidly digested starch; SDS: slowly digested starch; RS: resistant starch.
The values are reported as mean ± standard deviation.

Cooked Pasta Samples
Starch Fractions (%)

pGI
RDS SDS RS

GP0 33.45 ± 1.16 a 32.94 ± 0.99 a 2.13 ± 0.16 a 57.46 ± 0.41 a

GP5 31.87 ± 1.64 ab 33.33 ± 1.36 a 2.19 ± 0.17 a 55.56 ± 0.22 b

GP10 29.09 ± 2.05 b 36.19 ± 0.34 b 1.83 ± 0.41 a 53.15 ± 1.37 c

Values with different superscripts within the same column are significantly different for p < 0.05.

The SDS level was also affected by increasing the amount of GP in spaghetti, reaching a significant
increment of about 10% in the GP10 pasta sample (p < 0.05). With regards to the RS, the experimental
data showed a reduction trend with the use of increasing GP amount in pasta. However, no significant
differences could be highlighted among the various samples. The pGI, useful for predicting the likely
in vivo glycemic response, showed a significant decrease (p < 0.05) with the progressive addition of
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GP in pasta. Overall the data reported in Table 4 indicate that GP inclusion in pasta positively affected
the rate of starch digestibility. The lower glucose release observed in this study could be partially
due to the reduction in the starch content in the pasta because of the replacement of semolina with
different GP amounts or the starch leaching into the water during cooking, as also reported in the
literature [4,30]. It should be pointed out that GP comprises about 52% of fiber that can compete with
the starch granules for water adsorption. Therefore, starch gelatinization could be reduced, as well as
the action of the starch hydrolyzing enzymes, resulting in a limited starch digestibility [35]. Moreover,
GP was rich also in phenolic compounds, such as phenolic acids, flavonoids, and tannins, that can
inhibit the α-amylase and α-glucosidase activities, as previously reported by Hanhineva et al. [36].
Hence, the TPC increase in GP pasta could also contribute to the decrease in the rate of starch digestion.

3.5. Scanning Electron Microscopy (ESEM)

ESEM observations of cross sections of control (GP0), GP5, and GP10 spaghetti reveal a
well-developed protein matrix with circular and lentil-shaped starch granules trapped in the gluten
network (Figure 1).

 
Figure 1. SEM micrographs of uncooked (left) and cooked (right) GP0 (A,B), GP5 (C,D), and GP10
(E,F) pasta samples. The black arrows indicate starch granules.

The structural differences observed in raw pasta are more evident after cooking, especially for
the GP10 spaghetti sample, where the protein network appears to be less structured. GP0, GP5, and
GP10 spaghetti show a similar pattern, in which swollen starch granules are completely embedded
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in the matrix. However, the images of the cooked fortified samples highlight a lower presence of a
well-structured filamentous protein network in comparison with the control.

3.6. Sensory Evaluation

Sensory evaluation of the spaghetti samples revealed that the substitution of semolina wheat with
GP powder significantly affected most of the selected attributes (Figure 2).

Figure 2. Sensory scores of quality attributes of pasta fortified with grape pomace at different addition
levels (GP0 black solid line; GP5 solid gray line; GP10 dashed gray line).

Using increasing amounts of GP, the perception of the aroma pasta and semolina pasta color
decreased (p < 0.05). Aroma wine, aroma acid, flavor acid, astringency, and graininess, not or slightly
detected in the control sample, were significantly perceived, with the GP10 sample being significantly
different from the GP5 one. Roughness was also influenced by the GP addition, and the fortified samples
were perceived as being rougher than the control (p < 0.05). As demonstrated by the instrumental
evaluation of pasta color, the inclusion of GP caused a significant variation that the panelists perceived
regardless of the GP concentration used. As far as color uniformity, GP addition caused its reduction
(p < 0.05) and the lowest score was recorded for the GP5 sample, where the amount of added GP could
not uniformly hinder the native semolina color. For starch release, adhesiveness, and sweet the use of
GP did not cause any statistical difference. However, a slight adhesiveness increase in GP-fortified
spaghetti was assessed by the panel, even if not significant. This is somehow in contrast with the
adhesiveness values measured using the Texture Analyzer, which highlighted an adhesiveness increase
with GP addition in the dough (Table 1). Similar results have been reported by Shogren et al. [37] when
evaluating the firmness perception in spaghetti fortified with soy flour. Moreover, no matter the GP
amounts added, the panelist judged as acceptable the overall quality of the fortified pasta.
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4. Conclusions

The results of this study showed that pasta fortification with GP caused an increase in the TPC
and antioxidant activity in the cooked product. GP addition also affected the rate of starch digestibility,
with a decrement of the RDS and an increment of the SDS, while the pGI, useful for predicting the
likely in vivo glycemic response, showed a significant decrease with increasing amounts of GP in
spaghetti. GP addition also influenced the pasta technological properties, increasing cooking loss,
firmness, and adhesiveness in the cooked samples, while a decrease of the swelling index was observed.
Furthermore, while pasta produced using only semolina had a fiber content of about 3 g fiber/100 g
pasta, in the GP5- and GP10-fortified spaghetti, the fiber level ranged from 5.6 to 8.2 g fiber/100 g pasta,
respectively. This is of the utmost interest because, according to the European Union, legislating a
foodstuff as a “source of fiber” or “high fiber” is only possible if it contains at least 3 or 6 g of dietary
fiber/100 g of product, respectively [38]. Moreover, the newly formulated pasta also showed good
sensory acceptability. In conclusion, GP, a winemaking by-product available at low cost in great
amounts, may represent an interesting ingredient to produce a functional pasta rich in antioxidant
compounds and dietary fiber, with a potentially positive impact on the human health, also due to
the assessed lower pGI in comparison with pure semolina spaghetti. While this study was focused
on the use of GP obtained from a red grape variety rich in phenols, it would be of interest to carry
out further studies to verify if the use of GP of different grape varieties may give the same positive
results. Additionally, future studies should aim to assess the phenols bioaccessibility through in vitro
digestion, as well as to characterize the different phenols moieties by using LC-MS analysis. The
interaction between grape pomace and intestinal bacteria, as well as the healthy consequences, should
be also investigated.
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