
 Rheology and Q
uality Research of Cereal-Based Food   •   Anabela Raym

undo, M
aría Dolores Torres and Isabel Sousa

Rheology and 
Quality Research 
of Cereal-Based 
Food

Printed Edition of the Special Issue Published in Foods

www.mdpi.com/journal/foods

Anabela Raymundo, María Dolores Torres and Isabel Sousa
Edited by



Rheology and Quality Research of 
Cereal-Based Food





Rheology and Quality Research of 
Cereal-Based Food

Editors

Anabela Raymundo

Marı́a Dolores Torres

Isabel Sousa

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Anabela Raymundo

Universidade de Lisboa

Portugal

Marı́a Dolores Torres

Universidade de Vigo

Spain

Isabel Sousa

Universidade de Lisboa

Portugal

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Foods

(ISSN 2304-8158) (available at: https://www.mdpi.com/journal/foods/special issues/Rheology

Quality Cereal-Based Food#).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-0504-6 (Hbk)

ISBN 978-3-0365-0505-3 (PDF)

Cover image courtesy of Pedro Raymundo Carlota.

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Anabela Raymundo, Marı́a Dolores Torres and Isabel Sousa

Special Issue: Rheology and Quality Research of Cereal-Based Food
Reprinted from: Foods 2020, 9, 1517, doi:10.3390/foods9111517 . . . . . . . . . . . . . . . . . . . . 1

Maria Cristiana Nunes, Isabel Fernandes, Inês Vasco, Isabel Sousa and Anabela Raymundo

Tetraselmis chuii as a Sustainable and Healthy Ingredient to Produce Gluten-Free Bread: Impact
on Structure, Colour and Bioactivity
Reprinted from: Foods 2020, 9, 579, doi:10.3390/foods9050579 . . . . . . . . . . . . . . . . . . . . 7

R. Beltrão Martins, M. C. Nunes, L. M. M. Ferreira, J. A. Peres, A. I. R. N. A. Barros and 
A. Raymundo

Impact of Acorn Flour on Gluten-Free Dough Rheology Properties
Reprinted from: Foods 2020, 9, 560, doi:10.3390/foods9050560 . . . . . . . . . . . . . . . . . . . . 23

Carla Graça, Anabela Raymundo and Isabel Sousa

Yogurt as an Alternative Ingredient to Improve the Functional and Nutritional Properties of
Gluten-Free Breads
Reprinted from: Foods 2020, 9, 111, doi:10.3390/foods9020111 . . . . . . . . . . . . . . . . . . . . 39

Ye-Eun Hong and Meera Kweon

Optimization of the Formula and Processing Factors for Gluten-Free Rice Bread with 
Tamarind Gum
Reprinted from: Foods 2020, 9, 145, doi:10.3390/foods9020145 . . . . . . . . . . . . . . . . . . . . 53

Pavalee Chompoorat, Napong Kantanet, Zorba J. Hernández Estrada and 
Patricia Rayas-Duarte

Physical and Dynamic Oscillatory Shear Properties of Gluten-Free Red Kidney Bean Batter and 
Cupcakes Affected by Rice Flour Addition
Reprinted from: Foods 2020, 9, 616, doi:10.3390/foods9050616 . . . . . . . . . . . . . . . . . . . . 65

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

Bioactive Compounds, Antioxidant Activity, and Sensory Analysis of Rice-Based Extruded 
Snacks-Like Fortified with Bean and Carob Fruit Flours
Reprinted from: Foods 2019, 8, 381, doi:10.3390/foods8090381 . . . . . . . . . . . . . . . . . . . . 77

Luca Nuvoli, Paola Conte, Sebastiano Garroni, Valeria Farina, Antonio Piga and 
Costantino Fadda

Study of the Effects Induced by Ball Milling Treatment on Different Types of Hydrocolloids in 
a Corn Starch–Rice Flour System
Reprinted from: Foods 2020, 9, 517, doi:10.3390/foods9040517 . . . . . . . . . . . . . . . . . . . . 91

Silvia Mironeasa and Georgiana Gabriela Codină
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Abstract: New trends in the cereal industry deal with a permanent need to develop new food
products that are adjusted to consumer demands and, in the near future, the scarcity of food resources.
Sustainable food products as health and wellness promoters can be developed redesigning traditional
staple foods, using environmentally friendly ingredients (such as microalgae biomass or pulses) or
by-products (e.g., tomato seeds) in accordance with the bioeconomy principles. These are topics that
act as driving forces for innovation and will be discussed in the present special issue. Rheology always
was the reference discipline to determine dough and bread properties. A routine analysis of cereal
grains includes empirical rheology techniques that imply the use of well-known equipment in cereal
industries (e.g., alveograph, mixograph, extensograph). Their parameters determine the blending of
the grains and are crucial on the technical sheets that determine the use of flours. In addition, the
structure of gluten-free cereal-based foods has proven to be a determinant for the appeal and strongly
impacts consumers’ acceptance. Fundamental rheology has a relevant contribution to help overcome
the technological challenges of working with gluten-free flours. These aspects will also be pointed
out in order to provide a prospective view of the relevant developments to take place in the area of
cereal technology.

Keywords: gluten-free products; dynamic oscillatory shear measurements; pasting profile; rheology;
texture; X-ray diffraction; red kidney bean; microalga Tetraselmis chuii; acorn flour; tamarind gum;
yogurt; tomato seed flour; antioxidants; phenolics; fibre-rich ingredient; ball milling

1. Introduction

Innovation plays a key role in the current development of food companies. Food trends are launched
every year, allowing stakeholders to be aligned around common axes on consumer’s preferences.

The most recent trends in the food industry [1] are focused on foods of vegetable origin, and
commitment to sustainability stands out. The increase in the trend of personalized diet (“good for
me”) is also noteworthy, which includes gluten-free products or foods with a direct impact on health
and well-being (rich in bioactive compounds).

It is well known that products with the same chemical composition can present very different
structures that are built up by processing techniques, resulting in differently perceived texture and
sensory properties. Rheology has been the reference discipline for the food cereal industries since the
very start of quality control. Food macromolecules (proteins and polysaccharides) are the major players
for the creation of relevant food structures, such as dough and crisp snacks. The development of
gluten-free products using alternative proteins and polysaccharides, nutritious mixtures of cereals and
pulses to replace meat protein, as well as the use of food industry by-products, such as tomato seeds as
a source of these structuring biopolymers (pectins), are some other challenges in creating innovative
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food products. Sustainability in the production of the food ingredients and the economic viability
of their production and subsequent transformation into fair-traded, well-accepted food products,
are essential for the progress of the cereal industry, with a relevant impact on human wellness and
progress. The use of poorly exploited food sources, such as microroalgae, in cereal products is also an
opportunity to explore. This approach includes the design of added value food products and relevant
nutritional benefits. The use of ancient flours that have fallen out of use, such as acorn flour or ancient
wheat varieties with low-gluten proteins, could be a sustainable strategy to enhance cereal products
with an important source of bioactivities and fiber.

Finally, consumer attitude toward new food products is a relevant issue for the success of
innovations and should be considered for food products that are close to the market. In this sense,
the sensory evaluation of innovative products, in the preliminary stage of the development process,
is an important tool in order to predict their final acceptance of the market.

2. Contributions

Gluten-free foods stand out in terms of food trends in the field of cereal technology. These types
of products are on the agenda of the most important food companies and many research groups.
This results from the steady increase of the gluten-free products market due to the growing number of
individuals diagnosed with some type of gluten sensitivity. About 38% of consumers are avoiding or
limiting gluten-free foods [2].

Generally, gluten-free foods are nutritionally unbalanced in terms of lipids, fibers, minerals,
and vitamins. This can be critical for the celiac patients, who have co-pathologies and therefore need a
nutritionally balanced diet [3].

As bakery products are traditionally produced with gluten flours, they have undergone extensive
redesign in order to optimize their production from gluten-free flours. In this context, bread takes on a
considerable prominence. Several works on this theme have been published in recent years [4–6], which
are related to the incorporation of underexplored ingredients and by-products of the food industry,
in order to improve the rheological and texture properties, nutritional performance, and sensory
appreciation. In the present special issue, relevant studies related to gluten-free products are present.

Nunes et al. (2020) [7] evaluated the impact of Tetraselmis chuii microalgae incorporation on the
structure, color, and bioactivity of a gluten-free (GF) bread formulation based on rice, buckwheat flour,
and potato starch to increase nutrition, using hydroxipropylmethylcellulose (HPMC) as a structuring
agent. The dough pasting profile assessed by Microdough-Lab and shear oscillatory measurements
was conducted to evaluate the dough structure. Physical properties of the loaves, total phenolic
content (Folin–Ciocalteu), and antioxidant capacity (DPPH and FRAP methods) of the bread extracts
were assessed. Promising results related with the use of T. chuii as a sustainable ingredient in GF
bread formulation were found, with a positive impact on the structure and antioxidant capacity
and an innovative green appearance. This microalgae presented different behavior, according to the
incorporation level: below 2%, T. chuii proteins destabilize the structure developed by starch and
HPMC, and smaller bread volume was obtained, which was associated with a more compact crumb
and harder properties. However, for higher levels of incorporation (4%), the microalgal proteins with
starch and HPMC build up another type of structure, which is characterized by higher values of the
viscoelastic functions (G‘ and G”) producing higher bread volume and a softening effect. There was
evidence that the structure of 4% T. chuii bread is competitive with the control bread (with no biomass
addition), in terms of structure and with a boost in nutritional performance, despite having revealed a
weak acceptance by a non-targeted sensory panel.

Martins et al. (2020) [8] studied the possibility of using acorn flour, an under-exploited GF raw
material, in a similar formulation as the one developed by Nunes et al. (2020). This flour was tested
in order to improve dough rheology, following also market trends of sustainability and fiber-rich
ingredients. Acorn flour significantly affected the rheology properties of the doughs. An impact on
the dough’s mixing and pasting curves, an improvement of the texture parameters (firmness and
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cohesiveness) and the viscoelasticity of the fermented dough were highlighted. In this way, the role of
dough characterization by rheology tools was evidenced, as being determinant for the optimization
of new food products. According to small amplitude oscillatory shear measurements, all the GF
doughs studied exhibit a weak gel-elastic-like behavior with G’ values higher than G” and frequency
dependent. Acorn flour incorporation caused the acidification and increased the darkness of the
dough, which can have a positive impact in terms of sensory appreciation of the bread. Therefore,
it was stated that acorn flour can be a very promising ingredient to improve both the rheological GF
dough properties and nutritional GF bread quality, in particular dietary fiber content, which is a really
important nutrient in special requirement diets.

In line with the work already presented on the nutritional enrichment of GF bread, Graça et al.
(2020) [9] studied the possibility of enriching a similar type of bread with yogurt. Following this
strategy, the low functional and nutritional properties of GF bread can be minimized, using dairy
protein. Fresh yogurt represents an interesting ingredient since in addition to being an important
protein source, it also provides polysaccharides and minerals that have the potential to mimic the gluten
network, while improving the nutritional value of gluten-free products. Gluten-free bread formulations,
with different levels of yogurt addition (5% up to 20%, weight/weight), were evaluated, using dough
rheology measurements and baking quality parameters. It was shown that the functionality of
gluten-free breads, in terms of bread-making performances, quality parameters, and nutritional profile
can be successfully improved by the addition of fresh yogurt, resulting in a significant improvement
in the overall quality of the GF yogurt-breads. Linear correlations between bread firmness, specific
volume with flow behavior, and viscoelastic functions were found, supporting the results obtained.
These correlation can assume a considerable importance in terms of the bakery industry and for future
studies in this area. Yogurt was shown to be a potential ingredient to improve the quality of gluten-free
breads, resulting in softer breads with higher volume and lower staling rate, compared to control bread.
In relation to the nutritional composition, yogurt addition was revealed to be an attractive ingredient
to enhance the nutritional value of GF breads: an increase in the protein and mineral contents and a
reduction in carbohydrates was found, with a good chance to improve the daily diet of celiac people.

Hong and Kweon (2020) [10] presented another study on gluten-free rice bread, incorporating
tamarind gum. In this work, the importance of optimizing the formulation and processing conditions
is highlighted when combining new ingredients for product design. An experimental factorial design
was used and revealed to be useful for the optimization process, minimizing the number of experiments
and emphasizing the weight of each independent variable in the explanation of the process. Gum
concentration (GC), water amount (WA), mixing time (MT), and fermentation time (FT) were selected
as factors, and two levels were used for each factor. WA and FT were identified as the most significant
factors to determine the quality of GF rice bread with tamarind gum. Therefore, proper control over
the water content and fermentation time can maximize the bread volume and minimize the firmness
of the bread. The addition of an anti-staling enzyme was also studied and proved to be effective in
retarding the retrogradation enthalpy and decrease of bread firmness. Using an optimized formula
and processing factors for gluten-free rice bread with the combined addition of tamarind gum and an
anti-staling enzyme (maltogenic amylase) can be applied successfully in commercially manufactured
gluten-free rice bread.

In addition to gluten-free bread, several formulations of bakery products, based on GF flours,
have appeared on the market. Chompoorat et al. (2020) [11] studied the impact of rice flour addition
on red kidney bean (RKB) cupcakes. The incorporation of rice flour promoted an increase in the degree
of structuring of the cupcake dough and an improvement in the texture properties of the RKB cupcakes.
It is important to note that also for this type of matrix, the use of fundamental rheological techniques
such as dough linear viscoelastic behavior and empirical tests such as texture characterization were
crucial to optimizing the final product. Rice flour addition in gluten-free RKB flour increased the
batter’s solid-like and viscous behavior, batter consistency, inflection of gelatinization and temperature,
and produced a softer cupcake texture. The activation energy of gelatinization also increased with
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rice incorporation, as well as the cupcakes’ macrostructural characteristics. The potential of RKB as
a functional ingredient and its improvement in cupcake application with the addition of rice flour
was highlighted.

Arribas et al. (2019) [12] studied another relevant GF product: an extruded rice snack. This type of
product, in addition to being part of the current trend in the consumption of GF cereal foods, assumes
an important position in the snacking food trend [13]. Snacking has intensively grown in the last few
years and is associated with the growth of new forms of consumption associated with more dynamic
lifestyles. The authors evaluated the impact of adding two legumes, bean and carob fruit flours,
on the physical properties and bioactivity of GF puffed snacks. The fortification with carob fruit flour
improved their textural attributes and did not significantly affect their overall quality. The extrusion
had positive implications in terms of the nutrition and availability of bioactive compounds, as well as
good acceptance in sensory terms. All the experimental extrudates had higher amounts of bioactive
compounds than the commercial extruded rice. This process affected phytochemicals to a different
extent. While total α-galactosides and phenols increased, the phytic acid was reduced, and the
lectins and protease inhibitors were eliminated. The content of bioactive compounds present in these
extrudates might be enough to promote health-associated functions. Moreover, the absence of lectins
and protease inhibitors enhanced the nutritional quality of the extrudates. The developed snacks
would be of interest to both health-conscious consumers and the food industry.

The development of gluten-free bakery products is a major challenge, which can be overcome
through several strategies that were already presented in the works mentioned above. The use of
hydrocolloids that are capable of creating a structure that mimics the gluten matrix is often followed.
Nuvoli et al. (2020) [14] studied the effect of ball milling treatment on different types of hydrocolloids
in a corn starch–rice flour system. Guar gum (GG), tara gum (TG), and methylcellulose (MC) were the
hydrocolloids studied, and they were previously analyzed to assess their potential interactions with
starch components, when they are used alone or in blends in a corn starch–rice flour system. Based
on X-ray diffraction (XRD) experiments and gelling rheology characterization, it could be stated that
the ball milling treatment affected the structure of the tested hydrocolloids and, in turn, the viscosity
of their aqueous solutions in different ways. In fact, ball milling caused a reduction in the crystallin
domain and, in turn, a diminished viscosity of the GG aqueous solutions. Despite an increase in
its flow properties (viscosity), effects on TG were minimal, while the milled MC exhibited reduced
crystallinity but similar viscosity. When both milled and un-milled hydrocolloids were individually
added to the starch–flour system, the pasting properties of the resulting mixtures seemed to be affected
by the type of hydrocolloid added, rather than by the structural changes induced by the treatment.
All hydrocolloids increased the peak viscosity of the binary blends (especially pure GG). However,
only milled and un-milled MC showed values of setback and final viscosity similar to those of the
individual starch. Ball milling seemed to be more effective when two combined hydrocolloids (milled
GG and MC) were simultaneously used. No significant differences were observed in the viscoelastic
properties of the blends, except for un-milled GG/starch, milled TG/starch, and milled MC/milled
TG/starch gels. The work presented was considered by the authors as an initial study, recognizing
the need to deepen the theme. In this way, in future studies, the relevance of using the ball milling
treatment, in the development of gluten-free bakery products, using hydrocolloids–starch systems will
be clarified.

The enrichment of bakery goods, with and without gluten, by means of the incorporation of
by-products from the food industry, has assumed special relevance, in recent years, taking into account
the principles of the circular economy. Mironeasa and Codina (2019) [15] studied the utilization of
a very relevant by-product of the food industry: tomato seed flour (TSF) produced. This work also
highlighted the importance in the rheological and microstructure characterization of the dough on
the bakery products development process. Rheology methods through the Mixolab device, dynamic
rheology, and epifluorescence light microscopy (EFLM) were used to characterize the dough obtained
from different formulations. From the Mixolab results, it was noticed that replacing wheat flour with
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TSF increased the dough development time, stability, and viscosity during the initial heating–cooling
cycle and decreased alpha amylase activity. The dynamic rheological data showed that the viscoelastic
moduli (G’ and G”) increased with the level of TSF addition. Creep recovery tests of the samples
indicated that the dough elastic recovery was at a high percentage after stress removal for all the samples
in which TSF was incorporated in wheat flour. Using EFLM, all the samples seemed homogeneous
showing a compact dough matrix structure. The parameters measured with Mixolab during mixing
were in agreement with the dynamic rheological data and in accordance with the EFLM structure
images. The authors show a correlation between the mixing properties and the viscoelastic behavior
for the studied system (with gluten), as was also verified by Graça et al. (2020) [6], of GF bread.

The results presented in the different works of this special issue are useful for bakery producers to
develop new products with the highest nutritional value, respecting the major key trend of sustainability
and aligning with the major food trend to answer the consumer’s actual needs.
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Abstract: The objective of this work is to increase the nutritional quality of gluten-free (GF) bread
by addition of Tetraselmis chuii microalgal biomass, a sustainable source of protein and bioactive
compounds. The impact of different levels of T. chuii (0%—Control, 1%, 2% and 4% w/w) on the GF
doughs and breads’ structure was studied. Microdough-Lab mixing tests and oscillatory rheology
were conducted to evaluate the dough´s structure. Physical properties of the loaves, total phenolic
content (Folin-Ciocalteu) and antioxidant capacity (DPPH and FRAP) of the bread extracts were
assessed. For the low additions of T. chuii (1% and 2%), a destabilising effect is noticed, expressed by
lower dough viscoelastic functions (G’ and G”) and poor baking results. At the higher level (4%) of
microalgal addition, there was a structure recovery with bread volume increase and a decrease in
crumb firmness. Moreover, 4% T. chuii bread presented higher total phenolic content and antioxidant
capacity when compared to control. Bread with 4% T. chuii seems particularly interesting since a
significant increase in the bioactivity and an innovative green appearance was achieved, with a low
impact on technological performance, but with lower sensory scores.

Keywords: gluten-free bread; microalga Tetraselmis chuii; rheology; texture; colour; antioxidants;
phenolics

1. Introduction

This study is part of Algae2Future project, that intends to explore the microalgae potential to be a
low-carbon/nitrogen-footprints healthy food ingredient. These photosynthetic unicellular organisms
have a huge importance in terms of the carbon dioxide mitigation [1] and nitrogen balance [2]. Moreover,
microalgae are considered to be one of the most promising sources of functional food ingredients
since their natural encapsulated bioactive compounds to promote important health benefits [3,4].
In the near-future context of food shortage and urge for sustainability, when the rate of population
increase will be higher than increase of food production, caused by several environmental, social and
economic factors, the use of alternative or under-exploited sources of protein is a very important issue.
Microalgae are exceptional protein resources with potential to become a staple food for consumers all
over the planet [1,5,6].

When considering microalgae as food for the future, it is also important to highlight that its
incorporation into food is a challenge. There is a technological limit of microalgae incorporation,
resulting from its impact on the food structure, that can be followed by a change on the rheology
behaviour [7–9]. The introduction of microalgae biomass imparts changes in foods structure, but also
in colour and flavour. Consumers are very sensitive to the changes in sensory characteristics, which
induces limitations on the level of microalgae incorporation. Tetraselmis chuii is a green microalga
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approved by EFSA (Regulation UE 2017/2470) which has a high protein content, that is an important
requirement to be used in bread with a specific nutritional profile. In the last few years, several
works have been developed about the incorporation of microalgae into food. Many innovative food
systems enriched with algae have been proposed, namely pasta [10–13], cookies [14–16] and wheat
bread [17,18].

Bread is a staple food with specific characteristics in terms of the development of a cohesive
and elastic dough structure. Since gluten confers unique rheological properties to yeast-leavened
baked products, the absence of gluten is a major technological drawback. The combination of
structural ingredients, including starches, gluten-free (GF) flours, hydrocolloids, proteins and additives,
to develop an alternative to gluten dough´s structure has been widely tested [19–21]. Therefore,
the addition of microalgae with high protein content can be important for the development of GF
bread. In addition, nutritional benefits can be achieved by the addition of microalgae, and this is
particularly important in GF bread, since celiac patients have nutritional deficiencies due to their
absorption limitations.

Gluten-free is a current hot topic in the food industry. Consumption of GF products, and
particularly bread, has increased considerably in recent times. This is due not only to the increase of
celiac disease, but also to an increase in other gluten-related disorders [21]. Now, an increasing number
of consumers, who have not been diagnosed with celiac disease, are cutting gluten from the diet and
GF products are aligned with the top ten food trends.

Research on GF products with algae is scarce. From our knowledge, the only study focused on
the technology and nutritional properties of GF bread supplemented with a cyanobacteria (Arthrospira
platensis, known as Spirulina) was published by Figueira et al. [22], and more recently Rózylo and
co-workers [23] determined the effect of brown macroalgae (Ascophyllum nodosum) on GF breads and
observed increased antioxidant activity. In GF fresh pasta, the seaweed Laminaria ochroleuca showed
promising potential to be used and similar mechanical and texture characteristics to the reference
sample were achieved [12,13].

In the present study, a formulation based on buckwheat, rice flours and potato starch was enriched
with Tetraselmis chuii biomass. Doughs prepared with the addition of microalgal biomass (1%, 2%
and 4% w/w) were characterized using mixing tests in a MicrodoughLab and by oscillatory tests in a
controlled-stress rheometer. The amount of water required to yield the same dough consistency of
the previously optimized control-formulation was determined by the mixing test for the formulations
enriched with microalgal biomass. Texture, volume and colour properties were used to evaluate the
impact of different levels of T. chuii on the bread quality. Total phenolic content and reduction power
of the bread extracts were assessed.

2. Materials and Methods

2.1. Raw Materials

Tetraselmis chuii was produced and collected by A2F partners in NORCE/UiB (Bergen, Norway).
Cell wall disruption was applied to promote a controlled release of the active biocompounds, as it was
recently proven in a previous study [18]. Fresh biomass was pre-processed by bead milling mechanical
treatment in the pilot unit of NOFIMA and freeze-dried. It was determined to have high content of
protein and also an important content of bioactive compounds: 47.7% protein, 11.4% lipids with 3.6%
EPA, 2.4% starch and 2.3% salt [24].

Samples were prepared with the following flours: buckwheat flour (Próvida, Mem Martins,
Portugal), rice flour (Espiga, Alcains, Portugal), potato starch (Globo, Seixal, Portugal), dried yeast
(Fermipan®, Setúbal, Portugal), hydroxipropylmethylcellulose (HPMC) as a gelling agent (WellenceTM
321, Dow, Bomlitz, Germany), commercially available sugar, sunflower oil, salt, and water. The flours
and HPMC were kindly supplied for free, except yeast, sugar, oil and salt that were purchased from
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local market. The commercial GF mix (Schär, Burgstall, Italy) has the following ingredients: corn
starch, flax flour 12%, buckwheat flour 8%, pea bran, rice bran, apple fibre, sugar, guar seed flour, salt.

2.2. Preparation of the Samples

To compare the performance of GF breads with T. chuii, 2 controls were set up: a commercial GF
mix to bake bread at home and a blank test without microalgae, called Control dough. The commercial
GF bread was prepared from the mix, following the recommendations described on the product label.

GF breads with T. chuii (1.0 g, 2.0 and 4.0 g of T. chuii/100 g of flours + T. chuii) were prepared
according to a previously optimised method [25]. This formulation, based on buckwheat and rice
flours and potato starch, was tested using the specific volume and crumb firmness of the resulting
breads as responses. Hydroxypropylmethylcellulose (HPMC), which is commonly used in GF breads,
was used as a thickening agent, binding water and increasing doughs viscosity. The formulations
studied are summarised in Table 1.

Table 1. Formulation of gluten-free (GF) samples and respective codes. Control: dough without
microalgal biomass; Tc 1%, Tc 2%, Tc 4%: dough with 1%, 2% and 4% (w/w) T. chuii, respectively.

Ingredients (g/100g) Control Tc 1% Tc 2% Tc 4%

Buckwheat flour 46.0 45.5 45.1 44.2
Rice flour 31.0 30.7 30.4 29.8

Potato starch 23.0 22.8 22.5 22.1
Tetraselmis chuii 0.0 1.0 2.0 4.0

Sunflower oil (in relation to flours) 5.5 5.5 5.5 5.5
HPMC (in relation to flours) 4.6 4.6 4.6 4.6

Dried yeast (in relation to flours) 2.8 2.8 2.8 2.8
Sugar (in relation to flours) 2.8 2.8 2.8 2.8
Salt (in relation to flours) 1.8 1.8 1.8 1.8

Water Absorption (14% moisture basis) 69.0 69.0 69.0 69.0

Ingredients were mixed in a thermoprocessor equipment (Bimby—Vorwerk, Carnaxide, Portugal),
initially to activate the yeast, by adding water, yeast and sugar for 2 min at 27 ◦C, at velocity 1.
Following, the other ingredients were added and mixed for 10 min in a dough mixing program (wheat
ear symbol). The resulted dough was placed in a fermentation chamber Arianna XLT133 (Unox,
Cadoneghe, Italy) for 50 min at 37 ◦C. For breadmaking tests, the dough was baked in an electric
oven Johnson A60 (Johnson & Johnson, New Brunswick, NJ, USA) at 180 ◦C for 50 min. Breads were
analysed after cooling for 2 h. Three loaves of each formulation were prepared, and all the analysis
were performed minimum in triplicate.

The pH values of the doughs ranged from 5.3 to 5.4, respectively for the commercial mix and
control-dough, and increased with T. chuii incorporation (5.5 in Tc 1%, 5.7 in Tc 2% and 5.9 in Tc 4%).

2.3. Mixing Behaviour of the Dough

The Micro-doughLab 2800 (Perten Instruments, Sidney, Australia) was used to investigate the
differences in formulation performances and determine the optimum water absorption capacity for
each microalgal content (1% to 4% w/w). Tests were carried out using 4.00 ± 0.01 g mixed flours,
at 14% moisture basis, using full formulation. The moisture of the different materials was measured
through an automatic moisture analyser PMB 202 (Adam Equipment, Oxford, NJ, USA). Samples and
water weights were corrected from flours and microalga moisture content. Standard manufacturer’s
protocol “General Flour Testing Method” was used, mixing the samples at a constant 63 rpm speed
and temperature of 30 ◦C for 20 min. The peak value of torque of the optimised control-formulation
was used, as a reference, to assess the optimum water absorption for each GF bread formulation with
T. chuii addition. As a result, mixing curves and dough’s mixing properties were assessed—peak
resistance (mN.m), dough development time (s), stability (s) and softening (mN.m).
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The amount of water added to the control dough (without microalgal biomass) was 69% on flours
mixture basis. This water content was determined in the preliminary assays to produce breads having
the best quality, based on bread volume and crumb firmness.

2.4. Viscoelastic Behaviour of the Dough

Small amplitude oscillatory shear (SAOS) measurements were performed in a controlled stress
rheometer (Haake MARS III, Thermo Fisher Scientific, Waltham, MA, USA) equipped with a UTC-Peltier
and fitted with a serrated parallel plate system with 20 mm diameter (PP20) and 1 mm gap (previously
optimized for this type of material). After mixing, the dough was shaped into small balls and fermented
in the oven at 37 ◦C, during 50 min. The fermented samples were placed between the plate sensor and
the dough surface exposed was coated with paraffin oil to prevent drying, and allowed to rest at 5 ◦C
± 1 ◦C for 10 min before testing at same temperature to avoid fermentation during tests. Stress and
frequency sweep tests were performed: stress sweep test at 6.28 rad/s (1 Hz) was always performed
prior to the frequency sweep, to ensure testing within the linear viscoelastic zone. The viscoelastic
properties of the dough were determined from the frequency sweep tests, applying a sinusoidal shear
stress of 10 Pa (previously determined linear viscoelastic limit) over an angular frequency range of
0.0628 to 628 rad/s. For each sample, at least three repetitions were performed.

2.5. Evaluation of the Bread Texture

Bread texture was characterised using a Texturometer TA.XTplus (Stable Micro Systems, Surrey,
UK) equipped with a 5 kg load cell, in a temperature controlled room at 20 ± 1 ◦C. Bread crumb was
measured 2 h after baking by a puncture test using a cylindrical acrylic probe of 10 mm diameter
(p/10) at 1 mm·s−1 crosshead speed and 10 mm penetration distance. Loaves were sliced by hand,
with 20 mm thick. Measurements were repeated at least six times for each bread. Firmness (N) and
cohesiveness were the texture parameters used to discriminate different bread samples [26].

2.6. Evaluation of the Bread Volume

Volume of the bread was measured using rapeseed displacement method AACC 10-05.01.
In order to compare different breads, the same weight of ingredients, in relation to 300 g of flours in
mixture with T. chuii, was used to prepare all the breads, using the formulations presented in Table 1.
All the samples were evaluated, at least, in triplicate.

2.7. Evaluation of the Bread Colour

The bread colour was measured using a Minolta CR-400 (Japan) colorimeter with standard
illuminant D65 and a visual angle of 2◦. The results use the CIELAB system: L*—lightness (0 to 100),
a*—greenness to redness (−60 to 60), and b*—blueness to yellowness (−60 to 60). The total colour
difference between breads containing the microalgal biomass and the Control sample was calculated
using the equation ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2. The measurements were replicated at least six
times under artificial fluorescent light using a white standard (L* = 94.61, a* = −0.53, and b* = 3.62).

2.8. Evaluation of the Bread Bioactivity

To evaluate the bioactivity of breads, aqueous extracts were prepared by freeze-drying the bread
samples and then milling into homogeneous fine powders using an electric blender. Then, 500 mg of
each sample was stirred in 50 mL of distilled water using a magnetic bar for 30 min at room temperature,
and then filtered by Whatman n◦ 4 paper. This procedure was repeated in duplicate for each bread.
For all the bioactivity analysis, three replicates were performed for each extract, correspondent to six
measurements for each bread sample.

The total phenolic content (TPC) of bread extract was evaluated using the method reported by
Oktya et al. [27], with some modifications. The aqueous bread extract (300 μL) was added to 1500 μL
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of 0.1 mol/L Folin–Ciocalteu reagent and mixed with 1200 μL of sodium carbonate (7.5%) after 10 min.
The mixtures were incubated in the dark at room temperature for 2 h, and then the absorbance was
measured at 760 nm in a UNICAM UV4 UV/Vis Spectrometer. For blank testing, the extract was
replaced by the same volume of water. The TPC was reported as milligrams of gallic acid equivalents
per gram of extract (db).

The scavenging effect of bread extracts was determined using the DPPH (2,2-diphenyl-1-picryl-
hydrazyl-hydrate) methodology [28]. Extraction solutions with a volume of 100 μL each were added
to 1000 μL (90 μmol/L) of the DPPH solution in methanol, and the mixture was diluted with 1900 μL of
methanol. After 1 h in the dark at room temperature, the absorbance was measured at 515 nm. In blank
testing, the extract was replaced by the same volume of methanol. The reducing power of the bread
extracts was determined using the ferric ion reducing antioxidant power (FRAP) assay [29]. The bread
extract (90 μL) was added to 270 μL of water and 2.7 mL of FRAP reagent (2,4,6-tripyridyl-s-triazine
(10 mmol/L) with HCl (40 mmol/L), FeCl3 (0.02 mol/L) and acetate buffer (0.3 mol/L pH 3.6) in a ratio
of 1:1:10). After 30 min of incubation period in a 37 ◦C water bath (Thermo Scientific Precision 2864),
the absorbance was measured at 593 nm wavelength. For the blank, the extract was substituted by the
same volume of water. The mean values were reported as milligrams of ascorbic acid equivalents per
gram of extract (db).

2.9. Sensory Evaluation

Hedonic sensory evaluation was performed for breads with 1 and 4% of T. chuii, as well as for
control sample, using an untrained panel of 32 consumers, randomly chosen among the staff and
students from the Instituto Superior de Agronomia Food Science Department, 14 males and 18 females,
with ages between 16 and 65. The three breads were analysed in terms of colour, smell, taste, texture
and general acceptance using a 5-point hedonic scale from “very unpleasant” (1) to “very pleasant”
(5). The assays were conducted in a standardized sensory analysis room, according to the standard
EN ISO 8589: 2007.

2.10. Statistical Analysis

The analysis of variance (one-way ANOVA) of the experimental data was performed using
Origin Pro 8.0 software (OriginLab Corporation, Northampton, MA, USA), followed by Tukey’s test.
Correlation analysis was performed by using STATISTICA (version 10.0, StatSoft, Hamburg, Germany)
and the function Bivariate Scatterplot. The significance level was set to 95% (p < 0.05).

3. Results and Discussion

3.1. Impact of Tetraselmis chuii Addition on the Dough Rheology

3.1.1. Empirical Methods—MicrodoughLab

The mixing curves obtained from the MicrodoughLab are represented in Figure 1, where resistance
to mixing is measured as torque. The manufacturer’s protocol “General Flour Testing Method”, at slow
speed, was adopted. GF bread doughs have a completely different composition and structure from
the wheat dough. These GF systems are mainly composed of starch granules embedded in a matrix
composed of proteins and other hydrocolloids, but without a gluten network [21]. GF doughs are
adhesive and have poor mixing properties. The mixing curves showed a high initial torque as water was
hydrating the flours, followed by torque decrease and unstable mixing curves were obtained, without
a peak development as observed in wheat doughs mixing curves. Although this test was developed
for wheat dough, and aims a targeted peak of 100 mN.m torque, for an optimum consistency, it is not
possible to use this value in GF doughs. Therefore, different approaches have been used to determine
the water absorption level of GF formulations. Some researchers carried out preliminary assays to
optimise the amount of water necessary for bread making process based on the specific volume of the
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produced bread [30,31] and crumb hardness of the resulting breads [30]. Others, used the farinograph
mixer in order to achieve an optimal dough consistency of 200 BU [32] or 500 BU—Brabender units [33],
dough consistency checked by the texturometer equipped with back extrusion rig, using a reference
value of firmness [34], comparison of complex viscosity (η*) values vs. frequency, taking a soft wheat
flour dough which gave a peak at 500 BU as a reference [35], etc.

Figure 1. Mixing curves obtained from the Micro-doughLab of Control and GF doughs with T. chuii Tc
1%, Tc 2% and Tc 4%.

Our proposed methodology is to assess optimum water absorption values (amount of water
needed to achieve target peak torque, corrected to 14% moisture basis) for the formulations containing
microalgal biomass in order to achieve a peak of 56 nN.m ± 5 mN.m. This peak value corresponds to
a control-dough (same GF formulation without microalgae) with good bread baking characteristics,
previously optimised by testing different water hydrations (data not presented). The technological
parameters obtained from the mixing curves are presented in Table 2. For the microalgae contents
considered in the present study (1 to 4% w/w) and 69% of water absorption, similar peak values were
obtained, without being necessary to adjust the water content of microalgal-containing formulations.
From this empirical rheology test, it was concluded that T. chuii addition had no significant (p < 0.05)
impact on the rheology parameters extracted from de mixing curves: optimum water absorption, peak
development time, stability and softening.

Table 2. Parameters obtained from Micro-doughLab mixture curves of Control and GF dough with T.
chuii Tc 1%, Tc 2% and Tc 4%.

GF Dough WA (%) P (mN.m) DDT (s) DS (s) DSO (mN.m)

Control 69.0 56 ± 1.2 48 a 30 a 9 a
Tc 1% 69.0 51 ± 1.7 48 a 44 a 7 a
Tc 2% 69.0 56 ± 3.8 50 a 44 a 7 a
Tc 4% 69.0 51 ± 1.5 48 a 50 a 9 a

Note: WA—water absorption; P—peak resistance; DDT—dough development time; DS—dough stability;
DSO—dough softening; PE—peak energy. For each sample, the test was performed in triplicate. Different
letters in the same column correspond to significant differences (p < 0.05).

The GF mix was not evaluated using Micro-doughLab since water hydration followed the recipe
indicated on the label of this commercial product.
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3.1.2. Fundamental Methods—Small Amplitude Oscillatory Shear Measurements (SAOS)

Frequency sweeps were performed to evaluate the impact of T. chuii biomass addition on dough
structure, after fermentation (Figure 2). For each sample, the test was performed in triplicate, and the
most representative curve for each sample is presented. Doughs have a viscoelastic behaviour with G’
> G”, for the whole range of frequencies studied, showing a destructuring effect, resulting from the
microalgae addition, that was observed at 1% and 2% levels. However, for higher Tc incorporation, 4%,
an increase of G’ values was observed. For the 4% T. chuii dough, the values of the elastic modulus (G´
at 6.283 rad/s and 62.83 rad/s) are significantly (p < 0.05) higher than for 2% T. chuii, and are similar to
the commercial mix, control-sample and 1% T. chuii. These values correspond to a structure recovery
at 4% level of microalgae addition.

Figure 2. (A) Mechanical spectra and (B) values of G’ at 6.283 rad/s (1 Hz) and 62.83 rad/s (10 Hz)
obtained after GF dough fermentation. G’ (storage modulus—filled symbol), G” (loss modulus—open
symbol). Mix, Control and GF dough with T. chuii Tc 1%, Tc 2% and Tc 4%. Error bars indicate the
standard deviations from the repetitions. Different letters correspond to significant differences (p< 0.05).

The frequency dependence of G’ (elastic modulus) and G” (viscous modulus) could be described
by the power law Equations (1) and (2):

G’ = a’ ωb’ (1)

G” = a” ω b” (2)
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Values of a and b are determined by performing a linear regression on log G’ and G” versus log
frequency, where a’ and a” are the y-intercepts and b’ and b” are the slopes of the resulting line [7].
According to a’ and a” values, Tc 2% dough presented a lower level of structure, showing the lower a’
value and the highest value of b’ (Table 3).

Table 3. Frequency dependence of G’ and G” described by the power-law parameters. Mix, Control
and GF dough with T. chuii Tc 1%, Tc 2% and Tc 4%. Different letters in the same column correspond to
significant differences (p < 0.05). R2 > 0.91.

GF Dough a’ b’ a” b”

Mix 38397 a 0.182 d 13942 a,b 0.130 a

Control 43446 a 0.289 a,b 23896 a 0.239 a

Tc 1% 31724 a,b 0.267 b,c 15642 a,b 1.497 a

Tc 2% 11639 b 0.318 a 6875 b 0.268 a

Tc 4% 37213 a 0.249 c 17555 a 0.223 a

Flours from grains without gluten, such as rice, and from pseudocereals, such as buckwheat, have
been used as ingredients to produce GF breads. Addition of pseudocereals considerably improves
dough viscosity and the texture, volume and nutritional quality of GF products [20,36] and could lead
to improved anti-staling properties [37]. To our knowledge, studies relating the impact of microalgae
in GF dough rheology have not been published so far. For wheat bread, Nunes et al. [18] have studied
the impact of microalgae cell disruption pretreatment on the dough rheology and bread bioactivity
and found that 1% Chlorella vulgaris has a negative impact on the dynamic viscoelastic properties of the
wheat dough.

The structure of complex GF dough systems is mainly accounted by starch and HPMC which
could entrap the air. When small amounts of protein are added, coming from T. chuii, a destabilisation
of this structure can be noticed (Figure 2), mainly for the sample with 2% of microalgal incorporation,
however there is a structure recovery for 4% addition. It looks like microalgae elements at first disrupt
the structure formed by starch granules embedded in amylose matrix reinforced by HPMC long rods,
this can probably happen by depletion flocculation by antagonism with protein macromolecules from
T. chuii, up to a certain concentration. For higher levels (4%), the proteins should take the lead in the
structure network, playing an important role by replacing the former structure, contributing to a new
matrix, dominated by protein interactions, where the starch granules and HPMC will be embedded
with some compatible reinforcement of the amylose released from starch granules. This structure is
different from the previous one, more compact, as it can be seen by the smaller size of the crumb alveoli.

3.2. Impact of Tetraselmis chuii Addition on the Breadmaking Properties

The impact of T. chuii incorporation in the GF bread shape and colour can be accessed through
Figure 3.

Figure 3. General aspect of the GF breads prepared with commercial mix, control and 1, 2 and 4% (w/w)
T. chuii gluten free breads.

To study the relation between overall bread quality parameters, raw materials and dough
properties, the texture and the volume of bread loaves were evaluated. For bread crumb differing
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in composition, crumb firmness increased with microalgal addition until 2% T. chuii (Figure 4) and
there was a negative impact on loaf volume (Table 4). However, at 4% level, there was an increase of
the bread volume and a significant (p < 0.05) reduction of bread crumb firmness comparing to 2%,
not differing from 1% T. chuii bread. Nevertheless, this formulation with 4% of microalgal biomass
presented a significant (p < 0.05) lower cohesiveness when compared to all the others, including the
control-bread and the bread prepared with a commercial mix.

Figure 4. Firmness (A) and cohesiveness (B) values of GF doughs with T. chuii obtained by the
texturometer. Mix, Control and GF dough with T. chuii Tc 1%, Tc 2% and Tc 4%. Error bars indicate
the standard deviations from the repetitions (n = 6). Different letters in the same graph correspond to
significant differences (p < 0.05).

Table 4. Bread volume and colour parameters obtained for bread crumb. Mix, Control and GF dough
with T. chuii Tc 1%, Tc 2% and Tc 4%. Different letters in the same column correspond to significant
differences (p < 0.05).

GF Bread Volume (cm3) L* a* b* ΔE*

Mix 674 b 89.3 a 8.5 a 24.0 a,b _
Control 701 a 94.6 a 1.4 b 19.2 c _
Tc 1% 642 c 38.9 b −1.1 c 16.2 d 64
Tc 2% 612 d 29.8 b,c −1.3 c 27.1 a 73
Tc 4% 640 c 25.7 c −0.3 c 22.2 b,c 77

Starch gelatinization plays an important role in GF formulations, due to the ability of starch to
form a matrix in which gas bubbles are entrapped [38]. Incorporation of non-gluten proteins in the
formulation, even at lower amounts, may be essential in achieving final product volume [30,39,40].
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Considering the present results, it is possible to conclude that at low contents of T. chuii incorporation,
microalgal protein induces a destabilisation of the network formed by starch and HPMC. This is
revelled by a significant reduction of bread volume (the bread becomes more compact), as well as a
significant increase of firmness. However, for the highest protein content of 4%, microalgal protein
plays an important role on the GF dough structure, increasing the capacity to retain the gas bubbles.

In what crumb colour is concerned (Table 4), it is possible to conclude that there was a reduction in
lightness (L*) and an increase in greeness (a*, in modulus), comparing to commercial mix and control
breads. In respect to yellowness (b*), there was a significant (p < 0.05) decrease from control (19.2) to 1%
T. chuii bread (16.2), increasing with 2% of algae (27.1) and decreasing again for 4% T. chuii (22.2). These
results are related to the pigments of this Chlorophyceae green algae, namely chlorophylls, carotenoids
(such as fucoxanthin and β-carotene) and α-tocopherol (Vitamin E) [41]. The total colour difference
ΔE* between control and T. chuii crumbs was higher than 64, despite the small differences between 2%
and 4% T. chuii bread colours. Several authors consider that the human eye can differentiate colours
when the total colour difference ΔE* > 5 [42], therefore big colour changes were obtained when breads
were enriched with microalgal biomass. From these results, it seems that T. chuii is contributing to a
darkening effect, as it is evident by visual observation (Figure 3) and through the instrumental colour
parameters. As will be described in Section 3.5., these colour characteristics are not well appreciated by
the sensory panel.

3.3. Correlations between Breadmaking Properties and Dough Rheology

Using correlation analysis, the relationships between dough rheology and breadmaking
performance of breads with different amounts of T. chuii incorporation were obtained. In Figure 5,
one can see the bivariate scatterplots of significant (r > 0.70) dependences - bread firmness vs elastic
modulus (G’6.283 rad/s), bread volume vs elastic modulus (G’6.283 rad/s), and bread volume vs bread
firmness. High G’ values are related with greater elastic contribution and this is negatively correlated
with the bread firmness (softening effect), followed by a bread volume increase. As expected, bread
volume presented a negative correlation with bread firmness.

Similar results were described by Martínez & Gómez [43], showing that viscoelastic properties
of several GF doughs strongly influenced the bread volume and crumb texture. Elgeti et al. [44]
referred that the rheology of starch-based dough systems influences the level of aeration during mixing
and baking.

3.4. Impact of Tetraselmis chuii Addition on the Bread Bioactivity

Total phenolic content and antioxidant capacity (DPPH and FRAP) were evaluated only for the
control and 4% T. chuii breads, considering the previous results and the objective of achieving high
levels of microalgae incorporation.

The addition of the microalgal biomass at 4% (w/w) resulted in a significant (p < 0.05) increase in
the total phenolic content (TPC) (Figure 6), which was 0.11 mg·g−1 gallic acid equivalents in the Control
bread and 0.24 mg·g−1 in the bread containing T. chuii. TPC values were lower than the values reported
for GF breads with brown microalgae [23] and may be a result of the formation of protein-phenolic
complexes [23,45].
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Figure 5. Mathematical correlations between GF breadmaking properties and dough rheology
(p < 0.05). (A) Bread firmness and G’6.283 rad/s; (B) Bread volume and G’6.263 rad/s; (C) Bread volume
and bread firmness.

The antioxidant capacity was tested using the DPPH and FRAP methods. Compared with the
control-bread (2.75 mg·g−1 and 0.33 mg·g−1 ascorbic acid equivalents obtained by DPPH and FRAP,
respectively), the incorporation of microalgal biomass led to a significant (p < 0.05) increase in the
antioxidant capacity of the breads (3.22 mg·g−1 and 0.47 mg·g−1 ascorbic acid equivalents). Even
upon baking, the antioxidant activity of these breads is interesting. Some other authors reported
similar results, Rózylo et al. [23] determined the effect of brown macroalgae on GF bread and observed
increased FRAP activity, and higher FRAP antioxidant capacity was found by Nunes et al. [18] in
wheat breads enriched with Chlorella vulgaris.
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Figure 6. Total phenolic content (mg·g−1 gallic acid equivalents), antioxidant capacity measured using
the DPPH assay (2,2-diphenyl-1-picryl-hydrazyl-hydrate; mg.g−1 ascorbic acid equivalents) and FRAP
assay (ferric ion reducing antioxidant power; mg.g−1 ascorbic acid equivalents) of GF breads enriched
with 4% (w/w) of T. chuii biomass in comparison with Control bread. Error bars indicate the standard
deviations of the repetitions (n = 3).

3.5. Sensory Evaluation

Sensory analysis assays were carried out with T. chuii microalgal GF breads, at 1% and 4%
incorporation level, in comparison to control. Figure 7 represents the average scores of the sensory
parameters as evaluated by the non-celiac panel.

Figure 7. Responses of the sensory analysis panel tasters (n = 32) regarding breads enriched with 1%
and 4% T. chuii, as well as the control sample. 1—“very unpleasant”, 2—“unpleasant”, 3—“indifferent”,
4—“pleasant”, 5—“very pleasant”.

Panellists preferred control bread and bread with 1% T. chuii, both with a general acceptance of
3.84, compared to 3.25 of 4% T. chuii bread. Texture, colour and taste had similar score for control
and 1% T. chuii bread. Concerning smell, the tasters preferred the bread with 1% T. chuii in relation to
control, by a difference of 1.0 point. This can be related to the buckwheat flour, despite the characteristic
fishy flavour of T. chuii microalgae. Eventhough, for higher microalgal levels, 4% T. chuii and control
bread had similar scores. As expected for this type of product, for taste, colour and general acceptance,
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bread with 4% T. chuii had lower scores, but not lower than 3, corresponding to “indifferent”. In the
comments field of the sensory analysis sheet, some tastes referred the strong fishy flavour of the 4%
T. chuii bread, but that it could be pleasant to eat with fish meals. Furthermore, this bread could be
an interesting alternative for consumers interested in healthy products with an innovative taste and
colour. To improve the acceptance by the conventional consumers, educational marketing strategies
and formulation enhancements are programmed in the Algae2Future project.

4. Conclusions

The mixing and viscoelastic behaviour of GF doughs enriched with Tetraselmis chuii was compared
with the control formulation. Bread baking performance was also evaluated since GF doughs are
complex systems and final bread quality is affected by processing conditions.

T. chuii can be used as a natural novel and sustainable ingredient to increase the bioactivity
of GF bread based on buckwheat flour, rice flour and potato starch, obtaining an innovative green
appearance. Different behaviour was found according with the level of T. chuii incorporation. Below
2%, T. chuii proteins destabilize the structure developed by starch and HPMC, smaller bread volume
was obtained, associated with a more compact crumb and harder properties. However, for higher
levels of incorporation (4%), the microalgal proteins with starch and HPMC build up another type of
structure, characterised by higher values of the viscoelastic functions (G‘and G”) producing higher
bread volume and a softening effect. This study shows that the structure of 4% T. chuii bread is
competitive with the control-bread with the advantage of having an improved bioactivity (phenolics
and antioxidants) with possible positive impacts on health. The use of T. chuii at 4% level is interesting,
but low sensory scores postpone its utilization.
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Abstract: Gluten is a fundamental ingredient in breadmaking, since is responsible for the viscoelastic
behaviour of the dough. The lack of gluten has a critical effect on gluten-free dough, leading to less
cohesive and less elastic doughs, and its replacement represents a challenge for bakery industry.
However, dough rheology can be improved combining different ingredients with structural capacity
and taking advantage from their interactions. Although acorn flour was used to bake bread even
before Romans, nowadays is an underexploited resource. It presents good nutritional characteristics,
particularly high fibre content and is naturally gluten free. The aim of this study was to use acorn flour
as a gluten-free ingredient to improve dough rheology, following also market trends of sustainability
and fibre-rich ingredients. Doughs were prepared with buckwheat and rice flours, potato starch
and hydroxypropylmethylcellulose. Two levels of acorn flour (23% and 35% w/w) were tested
and compared with control formulation. Micro-doughLAB was used to study mixing and pasting
properties. Doughs were characterised using small amplitude oscillatory measurements (SAOS),
with a controlled stress rheometer, and regarding Texture Profile Analysis (TPA) by a texturometer.
Dietary fibre content and its soluble and insoluble fractions were also evaluated on the developed
breads. Acorn flour showed promising technological properties as food ingredient for gluten-free
baking (improved firmness, cohesiveness and viscoelasticity of the fermented dough), being an
important fibre source.

Keywords: acorn flour; gluten-free dough; fibre-rich ingredient; underexploited resources; rheology;
pasting properties

1. Introduction

Gluten is one of the most important ingredients in bread making. It is responsible for the
viscoelastic behaviour of the dough [1]. Gluten matrix has a major role on the main dough properties:
extensibility, stretching resistance, mixing tolerance, gas-holding capacity and allows to obtain a
high-quality bread crumb structure [2].

On the other hand, gluten-free dough (GFD) is unable to form a protein network similar to gluten.
This raises several difficulties and thus the loss of quality on gluten-free bread baking [3]. The lack of
gluten has a critical effect on dough rheology (less cohesive and elastic than wheat dough), formulation
process and sensory quality of the final product [2]. The replacement of gluten in baking is a great
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challenge. There is no raw material or any other ingredient capable of completely replacing gluten,
in terms of structural builder. Only the combination of different ingredients and its interactions,
with adequate technologies, can improve gluten-free bread (GFB) quality [3–6]. Therefore, innovative
ingredients with structural properties, novel approaches and processes, have been studied and tested
with notable results so far obtained [7–11]. In our study, a mixture of natural gluten-free flours was
used: buckwheat flour, rice flour, potato starch, acorn flour, and hydroxipropylmethylcellulose (HPMC)
as thickening agent.

Rheology measurements are essential tools to understand the performance of the doughs,
allowing to predict the final result and the before quality of bread [12]. Among the different rheological
techniques, the small amplitude oscillatory shear (SAOS), demonstrated to be adequate to characterise
viscoelastic materials and its structure properties [13]. The rheology of GFD, is also very important in
order to understand the doughs behaviour during the baking process. Although the studies about this
subject have recently increased, the information available is still limited [14]. Additionally, the majority
of the GF flours are starch based, yet with different botanical sources, leading to completely diverse
performances, according to the GF dough formulation [15].

Nowadays, due to resource scarcity worldwide, is essential to use by-products and underexploited
natural raw materials that are not valued enough in food production. This fact led to market trends
of sustainability [16], natural products and fibre-rich ingredients, which have contributed to the
introduction of underexploited natural raw materials into food chain [17]. Acorn flour is an example,
in particular to special requirements products as GF bread [18], increasing the importance of researching
this flour. Several authors have been recently studying the incorporation of acorn flour in gluten
containing biscuits and bread, in combination with wheat and barley. In all studies, the incorporation
of acorn flour until a specific proportion improved the quality of the different final products, both in
nutritional and sensorial characteristics [19–21]. Korus et al. [22] and Skendy et al. [11] have studied the
effect of acorn flour addition in GF bread making, and both concluded that acorn flour incorporation
in GF bread could be useful for nutritional and technological reasons. Additionally, many other
innovative GF flours, and their impact on GF bread making, have been studied. Particularly, alternative
sources of protein, like insects and legumes, found to improve GF bread nutritional composition and
contribute to substitute gluten role [23,24]. In addition, microalgae, sorghum, millet, pseudo-cereals,
fruit-based flours, by-products and other naturally GF flours have been tested, with very promising
results [5,8,9].

Acorn is the fruit of Quercus genus tree. These trees are the basis of the Sustainable Agriculture
System named “Montado” in South of Europe. In Portugal, acorns are abundant and can be considered
an underexploited resource, since nearly 50% of the fruits in the trees are not used or harvested [17].
Many authors [25,26] state the use of acorn flour to bake bread has occurred since before the Roman
Era. Veiga de Oliveira et al. [27] go further, referring that this flour was already consumed even before
the Romans [27]. This fruit was traditionally present in the Mediterranean diet, some decades ago,
especially in scarcity years [26]. The acorns most commonly used in human feed were from Quercus
ilex and Quercus rotundifolia (holm oak). Since they are not so bitter comparing to other species, is
not necessary to remove bitterness, as Korus et al. [22] described in their work. According to Silva
and co-workers [18], acorn flour has interesting nutritional characteristics, and is rich in lipids (8.5%),
especially in unsaturated fatty acids and fibre (9.5%–11.5%). Fibres have a major role in GFD rheology
characteristics, besides improving nutritional GF bread quality [28,29].

Comparing this work with the referred authors [11,22] who have studied acorn flour incorporation
in GF bread, it is important to highlight the innovation of our study. Since holm oak acorn is naturally
slightly sweet, no bitterness removal treatment is needed, as mentioned before, which is a great
technological advantage. The amount of water added to each flour blend was assessed through
Micro-DoughLAB tests. Bread control formulation has buckwheat flour besides starch-based flours.
Finally, pasting properties and dough TPA measurements were performed.
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The objective of this work was to study the impact of acorn flour from holm oak, on the rheology
characteristics of the GF dough, and also on the dietary fibre content, both soluble and insoluble
fractions, of the GF baked breads. Two levels of incorporation (23% and 35%) were considered.

2. Materials and Methods

2.1. Raw Materials

Doughs formulations were prepared with the following flours: buckwheat flour (Próvida,
Pêro Pinheiro, Portugal), acorn flour from dried holm oak (Quercus ilex and Quercus rotundifolia)
(Terrius, Marvão, Portugal), rice flour (Fábricas Lusitana, Castelo Branco, Portugal), potato starch
(Colmeia do Minho, Paio Pires, Portugal), dried yeast (Fermipan®, Lesaffre, Marcq-en-Baroeul,
France), hydroxipropyl methylcellulose (HPMC) as a gelling agent (WellenceTM 321, Dow, MI, USA),
sugar, sunflower oil, salt, and water. The flour ingredients and the HPMC were kindly supplied for
free, except yeast, sugar, oil and salt that were purchased from local market.

2.2. Dough Preparation and Sampling

Fernandes [30] developed and analysed a GFD recipe that showed promising results, based on
buckwheat flour, rice flour and potato starch, with HPMC as a gelling agent. The control dough (C)
was prepared without acorn flour addition. Preliminary assays were conducted to adjust the water
content of the control formulation to produce breads having the best quality, based on bread volume
and crumb firmness, by testing different water hydrations (data not presented). Two incorporation
levels of acorn flour were tested, 23% w/w (sample A23%) and 35% w/w (sample A35%) of total flours
mixture, respectively, 50% and 75% in relation to the buckwheat flour. The three formulations studied
are summarised in Table 1.

Table 1. Formulation of the gluten-free dough (GFD) samples and respective codes.

Ingredients (%) Control (C) Acorn 23% (A23%) Acorn 35% (A35%)

Buckwheat flour 46.0 23.0 12.0
Rice flour 31.0 31.0 31.0

Potato starch 23.0 23.0 23.0
Acorn flour 0.0 23.0 35.0

Sunflower oil (in relation to flours) 5.5 5.5 5.5
HPMC (in relation to flours) 4.6 4.6 4.6

Dried yeast (in relation to flours) 2.8 2.8 2.8
Sugar (in relation to flours) 2.8 2.8 2.8
Salt (in relation to flours) 1.8 1.8 1.8

Water absorption (14% moisture basis) 65.0 63.0 62.0

Micro-doughLAB 2800 (Perten Instruments, Sidney, Australia) manufacturer’s protocol at 63 rpm
speed (AACC (American Association of Cereal Chemists) Method 54-21.01) was used to assess the
optimum water absorption capacity for formulations with acorn flour. The peak value of torque of
the optimised control-formulation was used as a reference (93 mN.m). Optimum water absorption
values (amount of water needed to achieve target peak torque, corrected to 14% moisture basis) were
determined for the formulations containing acorn flour in order to achieve a peak of 93 mN.m ± 4%.

The moisture of the different flours was measured through an automatic moisture analyser PMB 202
(Adam Equipment, Oxford, CT, USA). The values were buckwheat flour—12.35%; acorn flour—8.03%;
rice flour—11.08%; potato starch—18.10%.

Ingredients were mixed in a Thermo processor equipment (Bimby—Vorwerk, Wuppertal,
Germany), initially to activate the yeast, by adding water, yeast and sugar for 2 min at 27 ◦C,
at velocity 1. Following, the other ingredients were added and mixed for 10 min in a dough mixing
program (wheat ear symbol). The resulting dough was divided in three portions and poured into three
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equal containers and placed in a fermentation chamber Arianna XLT133 (Unox, Cadoneghe, Italy) for
50 min at 37 ◦C. All measurements were carried out after fermentation: three loaves of each formulation
were prepared, and all the analyses were performed minimum in triplicate: three measurements were
taken from independent three portions of each loaf. Mean values and standard deviations from each
determination were recorded.

In a parallel work, the impact of acorn flour addition in the bread characteristics was studied,
using exactly the same dough formulations above described. After fermentation, the dough was baked
in an electric oven Johnson A60 (Johnson & Johnson, NJ, USA) for 50 min at 180 ◦C. Correlations
between dough properties and breadmaking characteristics (bread firmness) were analysed.

2.3. Rheology Measurements

2.3.1. Pasting Properties

The pasting properties of flour blends, according to each GFD formulation, were tested using a
Micro-doughLAB 2800 (Perten Instruments, Sidney, Australia), following the manufacturer’s cooking
protocol with some modifications [31]. Constant mixing rate at 63 rpm for 43 min (2580 s), and the
following temperature cycle: 30 ◦C for 6 min, then rise temperature until 90 ◦C during 15 min,
the temperature of 90 ◦C keeps constant for 7 min, then decrease to 50 ◦C during 10 min and finally,
constant temperature of 50 ◦C for more 5 min, until the end. Only the flours and HPMC were added in
the mixture, and 4.00 ± 0.01 g of each flour blend sample was weighed and placed in the chamber
of Micro-doughLAB. The amount of water used was studied in previous mixing tests to find the
optimum water absorption. Additionally, pure buckwheat flour and acorn flour were tested in the same
conditions. Tests were performed at least in triplicate. Concerning rice flour and potato starch, since
these ingredients were in the same share in all the formulations, were not submitted to pasting test.

2.3.2. Small Amplitude Oscillatory Measurements (SAOS) Testing

For dough characterisation, by dynamic rheometric measurements, formulations were prepared
with all ingredients, as previously described. Rheological tests were performed using a controlled stress
rheometer (MARS III, Haake, Germany) coupled with a UTC-Peltier system. A serrated parallel-plate
P20 (diameter of 20 mm) was used, with a gap between plates of 1 mm. Each sample was prepared in a
small portion of dough, and after 50 min of fermentation at 37 ◦C in a fermentation chamber Arianna
XLT133 (Unox, Cadoneghe, Italy), was allowed to rest for 30 min at 5 ◦C. The fermented dough samples
were placed between the plates, and after its adjustment, the edges were covered with paraffin to
protect the sample from dehydration during measurements. Rheometer temperature was kept at 5 ◦C
during test performance to avoid dough fermentation. Samples were left for 15 min before the test,
to allow residual stress to relax and to stabilise the temperature. All rheological measurements were
run, at least, in triplicate.

Small amplitude oscillatory shear (SAOS) tests were conducted to assess linear viscoelastic
properties of the GFD. The dynamic linear viscoelastic region of each sample was previously determined
through stress sweep tests at frequency of 6.28 rad/s (1 Hz). Frequency sweeps (from 0.0628 to 628 rad/s)
were performed at constant shear stress of 10 Pa.

2.3.3. Dough Texture Profile Analysis (TPA)

Texture profile analysis (TPA) was performed after dough fermentation at 37 ◦C during 50 min,
using a texturometer TA.XT.plus (Stable Micro Systems, Surrey, England) equipped with a load cell of
5 kg and penetration mode of the equipment set up. Dough samples were placed in cylindric containers
with 100 mm in diameter and a height of 80 mm. These cylinders were completely filled by the sample.

The measurement conditions were 19 mm diameter acrylic cylindrical probe, 20 mm of penetration
distance, 1 mm/s of crosshead speed and 5 s of waiting time between the two measurements cycles.
Each measurement was repeated at least four times. Firmness and cohesiveness were the main
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representative texture parameters obtained from TPA, to characterise the dough, as it was reported by
Nunes et al. [8].

2.4. Colour Characterisation and pH Values of GF Dough

Dough colour was determined using a colorimeter Croma-Meter CR 400 (Konica-Minolta Sensing
Americas, New Jersey, USA), through the CIE L*a*b* system (International Commission on Illumination)
using the following parameters: L*—lightness variable (L* = 100 white, L* = 0 black); a*—intensity
of green (−60 < a* < 0) or red (0 < a* < +60); and b*—intensity of blue (−60 < b* < 0) or yellow
(0 < b* < +60). Each sample was measured in triplicate.

pH measurements were performed in three different points of each fermentation dough,
with a potentiometer pH-Meter Basic 20 (Crison Instruments, Barcelona, Spain), until stabilisation.

2.5. Dietary Fibre: Soluble, Insoluble and Total Fibre in GF Bread

According to Martins et al. [32], gluten-free breads were prepared from the same GF doughs
studied in this work, as previously described. The soluble, insoluble and total fibre of GF breads
(Control, A23% and A35%), were determined by using a “Total Dietary Fibre Assay Kit” from Megazyme
(Wicklow, Ireland). According to manufacturer’s information, the analysis can be considered to be
divided in two methods: (1) based on AOAC (Association of Official Agricultural Chemists) Method
991.43 “Total, Soluble, and Insoluble Dietary Fibre in Foods” (First Action 1991) and AACC Method
32-07.01 “Determination of Soluble, Insoluble, and Total Dietary Fibre in Foods and Food Products”
(Final Approval 10-16-91); (2) determination of total dietary fibre based on AACC method 32-05.01 and
AOAC Method 985.29. All procedures were done at least in duplicate.

2.6. Statistical Analysis

Results were analysed using the statistical programme Origin Pro 8 (OriginLab Corporation,
MA, USA). Experimental data were compared using analysis of variance (one-way ANOVA), and the
Tukey test was used to evaluate mean differences at a confidence level of 95%, with significant
differences considered to be p < 0.05. Results are presented as mean values and standard deviations.
Correlations were tested between the different variables, using the program Statistica 10.0 and the
function Bivariate Scatterplot.

3. Results and Discussion

3.1. Dough Rheology Characterisation

3.1.1. Pasting Properties

Flour blends’ and pure flours’ pasting curves, obtained from the MidrodoughLab are represented
in Figure 1, with the main points marked with a blue circle.

In Figure 1, it is possible to observe the maximum torque of the flour blends’ mixing curves, that is
represented in C1, with a constant temperature of 30 ◦C. After 6 min, the temperature starts rising.
The graphic shows the breakdown (C2), minimum torque (linked with minimum viscosity) at 61 ◦C,
corresponding to protein weakening. All the flour blends had a similar response concerning both
temperature and torque (40 m.Nm). At the same stage (C2), pure flours showed the minimum torque,
related with a minimum of viscosity, at the same temperature, but with a lower torque comparing
with the blends. Buckwheat flour torque (directed related with its viscosity) was around 20 m.Nm and
acorn flour dropped to 1 m.Nm, which is in agreement with [33], that found likewise, lowest viscosity
in the breakdown for acorn starch comparing with buckwheat.
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Figure 1. Pasting curves of the tested blend flours: control, A23% and A35%, and also buckwheat and
acorn flour.

Along the heating process, the starch granules retain water and swell, which results in viscosity
increasing, until peak viscosity (C3) is reached and indicates water-binding capacity, and starch
gelatinisation [34,35]. Control flours mixture reached the gelatinisation peak torque (175 m.Nm) at
71 ◦C and both acorn flour mixtures at 85 ◦C, but with a lower torque (137 m.Nm). From the curve of
acorn flour, with a lower peak torque (87 m.Nm), it is possible to understand this behaviour, where the
contribution of acorn flour decreased the viscosity of the blends A23% and A35%. Buckwheat flour
presents higher viscosity, as well as the control blend, where this flour is present in 46% share. In GFD,
starch gelatinisation performs an essential function, since it has the aptitude to trap gas bubbles in its
own matrix, promoting the gas holding capacity of the dough [36,37].

Starch gelatinisation depends on the starch characteristics and its swelling capacity. Moreover,
the starches establish interactions with the HPMC, a fact that also contributes to the maximum viscosity
of the dough, reached during gelatinisation [15]. According to Hager et al. [38], buckwheat flour
has approximately 60% of starch, with around 25% amylose, while acorn flour has around 50% of
starch [18], where 55% is amylose [39]. Singh et al. [40] state that amylose and lipid contents are
one of the causes for the differences between the swelling capacity of starches. Higher lipid content
is supposed to decrease the swelling capacity of individual granules [40]. However, Debet and
Gindley [41] suggest that when the amylose content is high, the effect of lipids is secondary, concluding
that high amylose content inhibits swelling. Correia et al. [39], concluded fewer amylose leaching and
lower degree of gelatinisation has been attributed to acorn structure type of starch. Regarding the
higher temperature of acorn flour gelatinisation, according to Correia et al. [39], indicates increased
resistance to swelling, a characteristic response of acorn starch. On the contrary, according to Debet
and Gindley [41], higher viscosity reveals starch with higher swelling capacity, and Torbica et al. [42]
identify it as a pasting property of buckwheat flour.

The following stage is characterised by a viscosity decreasing to a minimum (breakdown).
This happens when the granule absorbs as much water as to achieve its rupture point, while temperature
keeps increasing [40]. As we can see from the results, the breakdown (C4) occurs at the end of 90 ◦C
with higher torque (132 m.Nm) for control dough and lower torque (110 m.Nm), meaning lower
viscosity, for both acorn blends. Buckwheat flour showed the highest torque (154 m.Nm) and acorn
the lowest (68 m.Nm), revealing the contribution that each pure flour has in the respective blends,
according to the different levels of incorporation in the dough.
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When gelatinised starch temperature cools, viscosity increases until the end of the test (C5),
the moment when we can see the formation of a gel, resulting from amylose retrogradation [34].
Regarding Figure 1, is possible to observe that retrogradation torque was quite similar between
control blend (305 m.Nm) and pure buckwheat flour (300 m.Nm). Following, the acorn flour blends,
present a lower torque, respectively, A23% (270 m.Nm) and A35% (262 m.Nm). Finally, pure acorn
flour torque was the lowest (129 m.Nm). Despite this retrogradation low viscosity of acorn flour, it is
possible to recognise that acorn flour blends have a quite high viscosity, when comparing with the
pure flour. Synergetic effects between the starches, proteins, HPMC and fibres, and also the proportion
of acorn flour in the blends, can explain why these blends are able to maintain a higher viscosity in
the retrogradation process. Paste retrogradation is influenced by the amylose content and also by
the structural arrangement of the starch chains [37,38]. According to Hager et al. [35], buckwheat
starch presents a granular shape, whereas acorn starch granules show a spheroid/ovoid and cylindrical
shape [43].

Since our study is focused on acorn flour, it is important to highlight that among the different
species of oak trees, the acorn starch is also different due to taxonomic characteristics of the plant [43].
For this reason, to make possible the comparison about starch behaviour, we used the studies based on
the same species: Quercus rotundifolia and Quercus ilex from Cappai et al. [43] and Correia et al. [39].

Finally, it is also important to mention the role that proteins have in the dough rheology
behaviour, contributing as well to gluten replacing functions [3]. Different authors [41,44,45] state
that interactions between the different types of starch and proteins, have an influence on the dough
rheology characteristics, affecting also pasting properties of starch. Concerning the developed doughs,
the average protein content (data obtained from suppliers) of buckwheat is 12%, and acorn flour is
4.5%, in accordance with literature [18,38]. As previously described in Section 2.2, samples A23% and
A35% have 50% and 75% replacement of buckwheat flour, by acorn flour, respectively, when comparing
with the control sample. This means that buckwheat flour changes from 46% incorporation in control
to 23% in A23% sample and to 11% in A35%, with a corresponding increasing of 23% and 35% of
acorn flour. In relation to protein, acorn flour presents approximately 8% less content than buckwheat
flour, resulting in a lower protein content on sample blends A23% and A35%. This will influence
protein–starch interactions and consequently pasting properties. As we can observe from the graphic,
torque values in C3, C4, and C5, are lower in acorn flour blends when comparing to the control
blend. Similar results have been reported in different studies about proteins influence in starch pasting
properties [46–48].

3.1.2. Small Amplitude Oscillatory Measurements (SAOS)

The mechanical spectra of the GF doughs (control, A23%, A35%) are presented in Figure 2A.
The mechanical spectra of GF doughs represent the variation of storage modulus (G′) and loss modulus
(G′′) as a function of angular frequency (ω). In order to promote a more systematic comparison of the
spectra, the values of G′ obtained at 62.8 rad/s (10 Hz) are presented in Figure 2B.

It is possible to observe in Figure 2A, that both moduli G′ and G′′ show high frequency dependence.
The three GF doughs compared presented higher values of G′ in comparison with G′′, in the whole
frequency ranges, expressing a predominance of the elastic behaviour. It is also important to note that
the control dough shows lower values of the viscoelastic functions and a pseudo-terminal region at low
frequency values, with a tendency for a crossing point at very low frequencies. This type of behaviour
reflects the existence of a less structured system in the control dough, which may be associated with a
less stable structure [22]. In other words, the incorporation of acorn flour had an important role in
increasing the degree of structuring of the dough. This increase in the degree of structure should have
resulted from the greater ability of acorn starch to create structures, which was evidenced by the results
obtained in terms of pasting curves. Our results are in accordance with different authors [22,49,50] that
also have studied GF dough with different botanical source flours (respectively, acorn flour, carob flour
and legume flours), and obtained similar results, where G′ > G′′, showing a soft gel-like structure.
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Figure 2. (A): Mechanical spectra of GF doughs (control, A23%, A35%); G´ (storage modulus—filled
symbol), G′′ (loss modulus—open symbol). (B): G′ values at 62.8 rad/s (10 Hz) for the same samples.

About G′ values at 62.8 rad/s, a significantly higher value (p < 0.05) for A23% dough was observed,
meaning that the addition of acorn flour in dough formulation induced a significantly increase of
elastic modulus, acting as a strengthening agent of the structure. However, the dough with 35% of
acorn flour, reduces significantly G′ values, being similar to control dough. A similar effect will be
found in the texture results, in terms of the TPA parameters. This fact indicates that the growing
incorporation level of acorn flour presents a negative impact on the structure, since it is possible to
observe a modification of the rheological behaviour, with the reduction of the elastic modulus at
62.8 rad/s. The aforementioned behaviour is not significantly different (p > 0.05) from the one of control
dough, showing that the benefits, in terms of viscoelastic characteristics, induced from the addition of
acorn flour are not extend to higher levels of incorporation. Regarding the improvement of rheology
characteristics observed in acorn flour doughs, it is also important to underline the contribution of
the fibre content present in acorn flour. Several authors have studied the impact of fibre in GFD
formulation, with the objective of improving rheology. The dough formulation with the inclusion of
fibre-rich ingredients, positively influenced rheological properties, with higher values of both moduli,
and structuring the GF dough closer to a gel-like material [11,28,35,51,52].

Korus et al. [22] obtained different results, where partial (20%, 40%, 60%) replacement of starch
with acorn flour, resulted in a significant increase in both moduli, and proportional to the extent of
acorn flour replacement. Nevertheless, it is important to clarify that the control dough formulation was
based on corn and potato starch, totally different from the control dough in our study. Nevertheless,
the author refers that higher levels of acorn flour incorporation revealed a negative impact, since it
caused the reduction of loaf volume, not shown in rheology tests [22]. This should also be related with
a negative impact on the dough viscoelasticity.

3.1.3. Texture Profile Analysis (TPA)

Figure 3 shows the results of TPA: firmness and cohesiveness. The incorporation of both acorn
flour levels, 23% and 35%, increased significantly (p < 0.05) the firmness of the dough comparing with
control. Between the two acorn flour doughs, the firmness is significantly (p < 0.05) higher in A23%
when comparing with A35%. For the lowest level of incorporation, it was possible to obtain a more
structured dough, already supported in terms of increasing the elastic modulus (G′), which corresponds
to a higher firmness value. For the 35% of acorn flour incorporation, the extension of the network
developed is weaker, resulting in a softer dough, similar to the control. Probably, the excess of acorn
starch caused the weakening of this network, as we can observe from pasting curve analysis, where a
noticeable decrease of acorn flour viscosity parameters is revealed.
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Figure 3. Firmness (A) and cohesiveness (B) of GF doughs (control, A23% and A35%).

These findings are in accordance with the previous rheology measurements results discussion.
Nevertheless, the firmness of the dough with 35% of acorn flour is significantly higher than the control
dough. The results show that partial replacement of buckwheat flour by acorn flour improves the
firmness of the dough, for either levels of acorn flour.

Cohesiveness is associated with the level of structure between the different elements that take
part in the dough matrix [53]. The obtained results demonstrate that dough A23% and also dough
A35% significantly increased (p < 0.05) their cohesiveness, when compared with control dough.
However, no significant differences were found between the two levels of acorn flour incorporation.
From these results, it is possible to observe that the incorporation of acorn flour in the formulation,
with the reduction of buckwheat flour share, increases the cohesiveness of the dough. Furthermore,
Correia et al. [39] also concluded that acorn starches have the ability to contribute to a coherent structure.

The increase of firmness and cohesiveness of the dough with acorn flour addition, together with the
reduction of buckwheat flour incorporation level, can be explained due to the nutritional composition
of acorn flour [18] in comparison to buckwheat flour [38]. As previously mentioned, acorn flour has a
higher content of fibre (9.5–11.5%) and total fat (8.5%), when compared to buckwheat flour with about
2% of fibre and 5% of total fat [18,38]. According to different authors presented in a review article,
the level of fibre has a major role as structure enhancer in GF leavened bread, as well as the interactions
between the different components of the complex dough system. Due to water binding capacity,
gel forming ability, fat mimetic, textural and thickening effects, fibres have a positive impact on the
texture, improving both firmness and cohesiveness [52]. As previously reported by Graça et al. [7],
firmness and cohesiveness are the most representative texture parameters of GF dough, as they have a
great influence on bread quality and acceptance [3].

3.2. Impact of Acorn Flour Addition in Bread Texture

In a parallel work, the impact of acorn flour addition in the bread texture was characterised,
using exactly the same formulations and processing conditions used in the present study. In that
work, it was found that acorn flour incorporation, generally, induces an increase in bread firmness.
Through the results obtained in the present study, it was possible to establish a positive correlation
between the bread firmness and the viscoelastic characteristics of the dough—G′ at 0.628 rad/s
(Figure 4A) and between the bread firmness and the dough firmness (Figure 4B).

The obtained correlations, which allow to predict the behaviour of the bread, in terms of firmness,
taking into account the dough rheological behaviour and its texture, are extremely useful in terms of
the gluten-free bakery industry. Similar correlations have been obtained by other authors [7,37].
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Figure 4. (A): Correlation between bread firmness and the viscoelastic characteristics of the dough (G′
at 0.628 rad/s) and (B): correlation between the bread firmness and dough firmness.

3.3. Characteristics of GF Dough: Colour and pH

Table 2 presents the results of GF dough colour measurements and respective pH. It can be
observed that pH significantly decreased from control dough to acorn dough. Either levels of added
acorn flour led to an acidification of the dough, although there are no significant differences between
A23% and A35% (p > 0.05).

Table 2. Colour parameters and pH of GF doughs (control, A23% and A35%).

Control A23% A35%

pH 5.35 a ± 0.04 5.09 b ± 0.05 5.05 b ± 0.05

Colour L* 82.49 a ± 0.42 70.90 b ± 0.08 66.42 c ± 0.26

Colour a* 0.56 c ± 0.21 6.11 b ± 0.35 7.89 a ± 0.31

Colour b* 15.50 c ± 0.33 24.45 b ± 0.83 27.31a ± 0.65

Mean values with different letters in the same row are significantly different (one-way ANOVA, p < 0.05).

Concerning dough colour, it is possible to observe that L* value has reduced significantly (p < 0.05)
with the increase of acorn flour content. These results show a reduction in whiteness and an increase
in the browning index, meaning the darkness of the dough. This effect on the dough is important,
as it will contribute to the improvement of bread colour. This is a relevant parameter when observing
consumers’ preferences. For GF bread, this characteristic is even more important, since it frequently
presents pale colours when compared to their wheat counterparts, what is referred as a depreciative
factor in GF bread [2]. Regarding the a* and b* parameters of the dough, it is possible to observe
a significant (p < 0.05) increase with acorn flour incorporation, which means, respectively, a more
intensive red than green, and a predominance of yellow over blue. Colour differences (ΔE) between
control bread and acorn breads can be calculated by the following equation:

ΔE* = (ΔL*2+Δa*2+Δb*2)1/2 (1)

The human eye can only detect the difference in the colours if ΔE > 5 [54]. When comparing the
control dough with both acorn flour dough, the obtained results for were ΔE*(control–A35%) = 21.25;
and ΔE*(control–A23%) = 15.66, revealing that the difference between the dough colours was really
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high. Finally, the difference between the two levels of acorn flour dough was ΔE*(A23%–A35%) = 5.61,
almost in the human eye threshold perception.

3.4. Dietary Fibre: Soluble, Insoluble and Total Fibre

As fibre content increases, besides the rheology improvement above mentioned, is also possible
to improve GF bread nutritional profile. Several authors have studied the addition of fibre-rich raw
materials in GF bread formulation, obtaining very promising results [52]. Fratelli et al. [55] evaluated
and optimised the applications of fibre (psyllium) in GF formulation, and obtained a final recipe with an
increase of fibre content from 2.5% to 4% and a decrease of glycaemic response, with good acceptability
scores. Rocha Parra et al. [35,51] studied apple pomace as an alternative source for fibre enrichment of
GF baked products. Tsatsaragkou et al. [49] concluded that carob flour could be a promising solution to
develop high quality formulations of GF bread with a fibre-rich ingredient. Hager et al. [38] analysed
the chemical profile of nutrient-dense GF flours, and compared them with wheat flours. In addition,
Hager et al. [38] have also studied soluble and total fibre, together with recommended daily intake.

According to AACC [56], dietary fibre (DF) is defined as the carbohydrates (from edible part of
plants) which are resistant to digestion and adsorption in the human small intestine, with complete or
part fermentation in the large intestine. The term DF comprises polysaccharides, oligosaccharides and
associated plant compounds. DF is fractionated into insoluble fibre, linked with intestinal regulation,
and soluble fibre associated to serum cholesterol reduction levels and with glycaemic response [38,56].

According to Hager et al. [38], buckwheat flour presents approximately 2% of DF, from which
about 23% is soluble fibre. Concerning acorn flour, Silva et al. [18] obtained values between 9.5%
and 11.5%. Our results were also similar, with 10% of DF, from which about 9% is soluble fibre (data
not shown).

The results of GF bread fibre analysis, soluble fraction, insoluble fraction and total fibre are
presented in Table 3. From the presented data, it is possible to observe that the incorporation of both
levels of acorn flour increased significantly (p < 0.05) the total fibre and insoluble fibre, comparing with
control bread formulation. This was expected, since acorn is a good source of DF, particularly in the
insoluble fraction [22].

Table 3. Insoluble, soluble and total fibre of GF breads (in dry matter): control, A23% and A35%.

Control A23% A35%

Insoluble Fibre (%) 8.99 b ± 0.63 11.96 a ± 0.53 12.46 a ± 0.92

Soluble Fibre (%) 1.32 a ± 0.38 0.31 b ± 0.24 0.12 b ± 0.10

Total Fibre (%) 10.31 b ± 0.65 12.27 a ± 0.75 12.58 a ± 0.90

Mean values with different letters in the same row are significantly different (one-way ANOVA, p < 0.05).

However, it is important to note that the soluble fibre content of the breads significantly decreased
(p < 0.05), comparing with the control formulation, when acorn flour incorporation was considered.
This fact can be explained since the soluble fibre fraction of acorn flour in comparison to buckwheat
flour is much lower.

According to Melini and Melini [57], a healthy diet needs to be diverse, balanced and it must
assure a high intake of DF. Even though DF health benefits are profusely documented, is frequently
concluded that recommended daily intake is not followed by the majority of the consumers [35]. In the
case of consumers with special requirements as GF diet, it is even more difficult, since GF products are
in general described with a lack of fibre [58].

Following USDA recommendations, the DF Reference Intake is 25 g/day for women and 38 g/day
for men. If we consider an ingestion of 100 g of fresh bread per day, the 23% acorn flour bread would
serve 7.5 g of fibre. This represents about 30% and 20% of daily adequate DF intake for women
and men, respectively, meaning that acorn flour bread can be an important vehicle of fibre, with the
possibility to use the respective nutritional claim.
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Thus, acorn flour seems to be a very promising ingredient, in order to improve DF content in
GF bread.

4. Conclusions

Based on the obtained results, it can be stated that acorn flour significantly affects the rheology
properties of the doughs. Moreover, acorn flour has an impact on the dough’s mixing and pasting
curves and improved the firmness, the cohesiveness and the viscoelasticity of the fermented dough.
The 23% of acorn flour incorporation presented better results when comparing with 35%. According to
SAOS, GF doughs exhibit a weak gel-elastic like behaviour with G’ values higher than G” and frequency
dependent. Acorn flour incorporation caused the acidification and increased the darkness of the dough,
that will have a positive impact in terms of sensory appreciation of the bread. Thus, acorn flour can be
a very promising ingredient, in order to improve both rheological GF dough properties and nutritional
GF bread quality, in particular DF content, a really important nutrient in special requirement diets.
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8. Nunes, M.C.; Graça, C.; Vlaisavljević, S.; Tenreiro, A.; Sousa, I.; Raymundo, A. Microalgal cell disruption:
Effect on the bioactivity and rheology of wheat bread. Algal Res. 2020, 45, 101749. [CrossRef]

9. Torbica, A.; Belovic, M.; Tomic, J. Novel breads of non-wheat flours. Food Chem. 2019, 282, 134–140. [CrossRef]
10. Vidaurre-Ruiz, J.; Matheus-Diaz, S.; Salas-Valerio, F.; Barraza-Jauregui, G.; Schoenlechner, R.;

Repo-Carrasco-Valencia, R. Influence of tara gum and xanthan gum on rheological and textural properties of
starch-based gluten-free dough and bread. Eur. Food Res. Technol. 2019, 245, 1347–1355. [CrossRef]

11. Skendi, A.; Mouselemidou, P.; Papageorgiou, M.; Papastergiadis, E. Effect of acorn meal-water combinations
on technological properties and fine structure of gluten-free bread. Food Chem. 2018, 253, 119–126. [CrossRef]

34



Foods 2020, 9, 560

12. Stojceska, V.; Butler, F. Investigation of reported correlation coefficients between rheological properties of the
wheat bread doughs and baking performance of the corresponding wheat flours. Trends Food Sci. Technol.
2012, 24, 13–18. [CrossRef]

13. Dobraszczyk, B.J.; Morgenstern, M.P. Rheology and the breadmaking process. J. Cereal Sci. 2003, 38, 229–245.
[CrossRef]

14. 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]

15. Zhang, D.; Mu, T.; Sun, H. Comparative study of the effect of starches from five different sources on the
rheological properties of gluten-free model doughs. Carbohydr. Polym. 2019, 176, 345–355. [CrossRef]
[PubMed]

16. Notarnicola, B.; Tassielli, G.; Renzulli, P.A.; Monforti, F. Energy flows and greenhouses gases of EU (European
Union) national breads using an LCA (Life Cycle Assessment) approach. J. Clean. Prod. 2017, 140, 455–469.
[CrossRef]

17. Vinha, A.F.; Costa, A.S.G.; Barreira, J.C.M.; Pacheco, R.; Oliveira, M.B.P.P. Chemical and antioxidant profiles
of acorn tissues from Quercus spp.: Potential as new industrial raw materials. Ind. Crops Prod. 2016, 94,
143–151. [CrossRef]

18. Silva, S.; Costa, E.M.; Borges, A.; Carvalho, A.P.; Monteiro, M.J.; Pintado, M.M.E. Nutritional characterization
of acorn flour (a traditional component of the Mediterranean gastronomical folklore). Food Meas. 2016, 10,
584–588. [CrossRef]
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Abstract: Absence of gluten in bakery goods is a technological challenge, generating gluten-free
breads with low functional and nutritional properties. However, these issues can be minimized using
new protein sources, by the addition of nutritional added-value products. Fresh yogurt represents
an interesting approach since it is a source of protein, polysaccharides, and minerals, with potential
to mimic the gluten network, while improving the nutritional value of gluten-free products. In the
present work, different levels of yogurt addition (5% up to 20% weight/weight) were incorporated
into gluten-free bread formulations, and the impact on dough rheology properties and bread quality
parameters were assessed. Linear correlations (R2 > 0.9041) between steady shear (viscosity) and
oscillatory (elastic modulus, at 1 Hz) values of the dough rheology with bread quality parameters
(volume and firmness) were obtained. Results confirmed that the yogurt addition led to a significant
improvement on bread quality properties, increasing the volume and crumb softness and lowering
the staling rate, with a good nutritional contribution in terms of proteins and minerals, to improve
the daily diet of celiac people.

Keywords: gluten-free bread; yogurt; rheology

1. Introduction

Celiac disease is an immune enteropathy caused by the ingestion of gluten in genetically susceptible
individuals, and it is estimated to affect about 1–3% of the population worldwide [1].

Currently, the gluten-free (GF) diet is the only option for people suffering from gluten-related
disorders. For other reasons, a high number of nonceliac individuals are also adopting this diet.
Subsequently, there has been a significant increase of research work to improve the functional and
nutritional properties of GF products [2,3]. However, several studies stated that the consumers remain
unsatisfied with the quality of the GF products in the market [4], highlighted their insufficiency on
overall appearance and nutritional values, compared to the gluten-containing counterparts [5,6].

Gluten-free products, especially breads being mainly based on refined flours and starches,
are generally characterized by poor technological quality attributes, including dry, crumbling texture,
color, and mouth feel [7], and undergo fast staling [8].

In terms of nutritional profile, normally they present deficient values of protein and minerals and
higher carbohydrates and fat content than recommended [9].

Rice flour has been widely proposed as an alternative for making gluten-free breads (GFB) due
to its hypoallergenic protein, soft taste, and white color [10]. However, rice-based bread presented
low quality attributes, in terms of volume and hard crumb [11]. Alternative flours from pseudocereal
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sources, such as amaranth, buckwheat, quinoa, sorghum, and teff, have been applied to improve the
nutritional profile of the GFB [12].

In fact, gluten possesses unique viscoelastic properties which are crucial for the water-holding
capacity of the dough and gas retention during fermentation [13]. To mimic this structure-building
potential, hydrocolloids such as hydroxy-propril-methyl-cellulose, carboxy- or methyl-cellulose,
locust bean, guar gum, and xanthan gum, as well as enzymes [8,14], are currently used to improve the
viscoelastic properties and technological quality of the end-products [15]. Although these functional
additives contribute to the gas retention during the fermentation process, improving the bread volume,
they can be insufficient in terms of desirable bread texture and nutritional value.

Addition of new protein sources, e.g., dairy dry powders incorporation (skim milk powder,
dry milk, whey protein concentrate) was shown to improve the volume, appearance, and sensory
aspects of the loaves [16,17]. A previous work [18] showed a positive impact of dairy products addition,
such as fresh yogurt, on gluten-containing bread where a significant improvement on functional
properties and nutritional value was noticeable.

Yogurt (Yg), is considered the most popular dairy product worldwide for its nutritional and
health benefits, since it is a source of protein (casein), exopolysaccharides (EPS), vitamins (B2, B6,
and B12), and minerals (such as Ca, P, and K), representing an interesting alternative for new bakery
products [18,19]. In this context, incorporation of fresh Yg in gluten-free bread formulations can
be an interesting approach to mimic the gluten network, while improving the nutritional value of
gluten-free breads.

The aim of the present work was to explore the potential of fresh yogurt addition on GF bread
making and to overcome the technological challenge involved in gluten removal, improving the GFB
quality. Different levels of Yg addition to a GF dough formulation, previously optimized, was tested,
and the impact on dough, based on steady shear behavior and oscillatory measurements, was assessed.
The effect on GFB quality, by the evolution of the crumb firmness and staling rate, during the storage
time, as well as from bread quality parameters and nutritional profile, was also evaluated.

2. Materials and Methods

2.1. Raw Materials

Gluten-free bread was prepared using rice flour (composition per 100 g: Moisture content 10.9
g, protein 7.0 g, lipid content 1.3 g, carbohydrates 80.0 g, fiber 0.5 g), buckwheat flour (composition
per 100 g: Moisture 13.1 g, protein 13.3 g, lipid content 3.4 g, carbohydrates 61.5 g, fiber 10.0 g, salt
0.08 g, phosphorus 0.35 g, and magnesium 0.23 g), and potato starch (composition per 100 g: Moisture
content 17.5 g, protein 0.2 g, lipid content 0.1 g, carbohydrates 80.0 g).

The fresh yoghurt (Yg) used was a commercial product from LongaVida, Portugal (composition
per 100 g: Moisture content 88.5 g, protein 3.7 g, lipid content 3.7 g, carbohydrates 5.5 g, fiber 0.8 g, 0.06 g
of salt, and 0.12 g of calcium). The dry extract of Yg was determined from the standard Portuguese
method: NP.703-1982 (Standard Portuguese Norm), corresponding to 11.5% of dry matter.

Commercial white crystalline saccharose (Sidul, Santa Iria de Azóia, Portugal), sea salt (Vatel,
Alverca, Portugal), baker’s dry yeast (Fermipan, Lallemand Iberia, SA, Setúbal, Portugal), vegetable
oil (Vegê, Sovena Group, Algês, Portugal), and xanthan gum (Naturefoods, Lisboa, Portugal) were
also used.

2.1.1. Bread Dough’s Preparation and Bread making

Gluten-free bread dough was prepared in a thermo-processor (Bimby-Vorwerk, Cloyes-sur-le-Loir,
France), according to the procedure earlier described [20], with some modifications. First, the yeast was
activated in warm water on the processor cup, during 2 min at position 3. The rest of the ingredients
were added and homogenized during 1 min at position 6, and the kneading was carried out during
10 min. Hydroxy-propril-methyl-cellulose (HPMC) was replaced by xanthan gum and the fermentation
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time was reduced to 20 min. Preliminary assays showed that 20 min of fermentation was enough to
obtain expanded doughs ready to bake. Further fermentation time led to dough structure breakdown,
losing the gas (CO2) produced and retained during this bread making step. Bread baking conditions:
Oven with convection at 180 ◦C during 30 min.

Different GFB formulations tested are summarized in Table 1. Other ingredients added were kept
constant: Salt, 1.5%; sugar, 2.8%; dry yeast, 2.8%; xanthan gum, 0.5%; and vegetable oil, 5.5%.

Table 1. Gluten-free bread formulations of control bread (CB) and breads obtained with different
levels of yogurt (Yg) addition (YgB), considering the dry extract coming from Yg (11.5%) to replace on
flour basis.

Ingredients CB YgB5% YgB10% YgB15% YgB20%

Buckwheat 16.6 16.4 15.3 14.4 13.3
Rice 24.8 24.6 23.0 21.5 19.9

Potato starch 13.8 13.7 12.8 12.0 11.1
Yoghurt 0.0 5.0 10.0 15.0 20.0

Added water * 37.5 32.6 31.7 30.7 31.1
Yoghurt water ** 0.0 4.7 8.5 11.6 14.1

Total water absorption *** 37.5 37.3 40.3 42.3 45.2

* Determined by mixing curves performed in the MicrodoughLab equipment; ** water coming from Yg addition;
*** sum of water added and water coming from Yg addition.

Fixing the viscosity torque values of the gluten-free control dough (16.0 ± 2.0 milliNewton meter -
mNm), previously optimized, the water flour absorption was determined for each Yg bread formulation
tested (based on 14% of moisture basis), considering the water coming from Yg additions, applying the
mixing curves procedure by MicrodoughLab assays (Perten Instruments, Hägersten, Sweden). Control
dough and doughs obtained with Yg incorporations, were prepared considering the levels 10, 20, 30,
and 40 g of Yg into dough, corresponding to 5% up to 20% w/w (weight/weight) in overall percentage.
Replacements were based on gluten-free flours basis, substituting the dry extract of each Yg percentage
on 100 g of flour [18].

2.1.2. Dough Rheology Measurements

All rheological measurements were carried out in a controlled stress rheometer (Haake Mars
III—Thermo Scientific, Karlsruhe, Germany), with a universal temperature control Peltier system to
control temperature, using a serrated parallel plate sensor system (PP35 and 1-mm gap), to overcome
the slip effect [21,22].

The rheology features of the dough were evaluated after 20 min of fermentation time, and all the
assays were conducted at 5 ◦C of temperature to inactivate the yeast fermentative activity.

The impact of the yogurt addition on dough viscosity behavior was assessed by flow curves,
under shear steady conditions ranging the shear rate from 1.0 × 10−6 to 1.0 × 103 s−1.

The Carreau model was used to model the flow curves obtained, applying the Equation (1):

η = η0/[1 + (γ./γ.
c)2] s (1)

where η is the apparent viscosity (Pa s), γ is the shear rate (s−1), η0 is the zero-shear rate viscosity
(Pa s), γ.

c is a critical shear rate for the onset of the shear-thinning behavior (s−1), i.e., the value
corresponding to the transition from Newtonian to shear-thinning behavior, and s is a dimensionless
parameter related to the slope of this region.

Frequency sweep was applied to evaluate the impact of the Yg addition on dough structure,
and the evolution of the viscoelastic functions, storage (G’) and loss (G”) moduli, were obtained
ranging the frequency from 0.001 Hz to 100.0 Hz, at a constant shear stress (10 Pa), within the linear
viscoelastic region of each sample, previously determined (at 1 Hz).
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All rheology determinations were repeated at least three times to ensure the reproducibility of
the results.

2.2. Quality Assessment of the Gluten-Free Breads

2.2.1. Bread Firmness and Staling Rate

Bread texture was evaluated using a texturometer TA-XTplus (Stable MicroSystems, Surrey, UK)
in penetration mode, according to the method earlier described [18,23].

Comparison of the bread texture, with different contents of Yg, was performed in terms of
firmness, and the staling rate of the breads was evaluated, measuring the firmness during a storage
time, during 96 h (4 days).

Staling bread rate was described as a function of the Yg incorporation by a linear Equation (2)

Firmness = A × time + B, (2)

where A can be considered the staling rate and B the initial firmness of the bread.

2.2.2. Quality Parameters of the Gluten-Free Bread

Resulting gluten-free breads were evaluated based on after baking quality parameters, such as
moisture, water activity (aw), bake loss (BL), and specific bread volume (SBV) (cm3/g), as earlier
described [18].

Bread moisture was determined according to the standard method (American Association
of Cereal Chemists (AACC 44–15.02)). Water activity (aw) variations were determined at room
temperature (Hygrolab, Rotronic, Bassersdorf, Switzerland). Bread volume was measured by the
rapeseed displacement standard method AACC 10-05.01, after two hours of bread cooling down.
Specific volume (cm3/g) was calculated as the ratio between the volume of the bread and its weight.
Weight loss during baking (baking loss) was assessed by weighing the bread forms before and after
baking. These measurements were carried out in triplicates.

Bread crumb color was recorded using a Minolta colorimeter (Chromameter CR-300,
Minolta—Osaka, Japan) after calibration with a white calibration plate (L* = 97.21, a* = −0.14,
b* = 1.99). The data collected from three slices of each bread measured at three different locations of
the slices were averaged and expressed using illuminative D65 by L* a* b* scale, where: L* indicates
lightness, a* indicates hue on a green (−) to red (+) axis, and b* indicates hue on a blue (−) to yellow
(+) axis.

2.3. Nutritional Composition of the Gluten-Free Breads

Nutritional profile characterization of the gluten-free breads was based on protein (International
Organization for Standardization (ISO-20483:2006)), lipids (NP 4168), ash (AACC Method 08-01.01),
carbohydrates (calculated by difference), and total minerals contents (ICP-AES-Inductively Coupled
Plasma-Atomic Emission Spectrometry: Thermo System, ICAP-7000 series) as described in a previous
study [18]. All the experiments were performed in triplicate.

2.4. Statistical Analysis

The experimental data were statistically analyzed by determining the average values and standard
deviation, and the significance level was set at 95% for each parameter evaluated. Statistical analysis
(RStudio, Version 1.1.423, Northern Ave, Boston) was performed by applying variance analysis, the one
factor (ANOVA), and post hoc comparisons (Tukey test). Experimental rheology data was fitted to
nonlinear Carreau model, using the TA Instruments’ TRIOS software.
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3. Results and Discussion

3.1. Dough Rheology Measurements

3.1.1. Steady Shear Flow Curves

The effect of the yogurt addition, at different levels, on steady shear behavior of the gluten-free
doughs was evaluated, and the flow curves obtained are presented in Figure 1. It can be observed that all
systems showed a typical shear-thinning behavior: An initial Newtonian region with constant viscosity
at low shear rate, and as the shear rate values increase the dough viscosity began to decrease, following
a straight-line decay. Similar results were obtained from the study of the different hydrocolloids’
(e.g., xanthan gum) and dairy proteins’ interaction on rheology properties of GFB formulations [17].

η

Figure 1. Flow curves, under steady shear conditions, obtained for control dough (CD) and doughs
obtained with different levels of Yg addition (YgD).

The experimental data presented in Figure 1 were fitted well by the Carreau model (R2 > 0.967),
and the values of the main parameters that characterize the flow behavior are summarized in Table 2.

Table 2. Carreau model parameters obtained for control dough (CD) and doughs obtained with
different levels of Yg addition (YgD) *.

Yg levels (%) η0 (k Pa s) γ.
C (s−1) s (slope) R2

CD 290.00 ± 8.4 a 1.70 × 10−3 ± 2.50 × 10−4 a 0.27 ± 0.03 a 0.988
YgD5% 295.04 ± 13.4 a 2.20 × 10−3 ± 1.41 × 10−4 a 0.23 ± 0.03 a 0.980
YgD10% 41.90 ± 1.8 b 2.52 × 10−3 ± 1.34 × 10−4 a 0.19 ± 0.03 ab 0.977
YgD15% 28.70 ± 0.8 c 2.40 × 10−3 ± 1.70 × 10−4 a 0.19 ± 0.04 ab 0.976
YgD20% 9.50 ± 0.3 d 1.43 × 10−3 ± 1.80 × 10−4 a 0.17 ± 0.06 b 0.967

* Different letters (a, b, c, d) within the same column indicate significant statistical differences at p ≤ 0.05 (Tukey test)
compared with the control bread values.

As it can be observed from the zero-shear rate viscosity values (η0), higher dough viscosities
were obtained for the control dough (CD) and yoghurt dough at 5% (YgD5%, lower level of Yg tested).
According to previous works [17,24], GF doughs obtained with xanthan gum (XG) addition showed
high viscosities and flow behavior indexes due to the complex aggregates formed by strong molecular
linkages. However, a balance must be reached since high viscosity may retain bubbles in the batter,
but it may also restrict expansion during baking [25].
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Nevertheless, increasing the amounts of Yg resulted in a significant decrease of dough viscosity (ï0),
varying from 290.00 k Pa s (CD) to 9.50 k Pa s (YgD20%), representing a reduction of around 96.60%. One
can suggest that the Yg incorporation promoted a dilution effect of starch–cereal protein–xanthan gum
interaction density, decreasing the dough viscosity under shear conditions. In addition, the presence
of the casein and of the exopolysaccharides (EPS) coming from Yg (produced by lactic acid bacteria)
impacted the system, improving the lubrication and flexibility of the dough network. These effects can
also be explained by the ability of EPS to bind water and retain moisture, contributing to the increase in
the water-holding capacity [26] and, possibly, reducing the rigidity of the linkages between the different
molecules of the GF dough matrix. Similar findings were obtained by other authors [27], investigating
the addition of caseins and albumins on GFB formulations, where a considerable reduction on dough
viscosity was obtained.

In terms of critical shear rate, no significant differences were observed. All the dough systems’
viscosity began to decrease around 2.0 × 10−3 s−1. This behavior suggests that, although the addition
of Yg can promote the dilution effect on molecular links density as well as reducing the stiffer complex
aggregates, it seems to have no effect on the breakdown of the dough matrix.

3.1.2. Dough Viscoelastic Behavior

The changes on viscoelastic behavior, expressed in terms of elastic (G’) and viscous (G´´) moduli,
of the gluten-free doughs, with different levels of Yg addition, were evaluated on fermented doughs,
by oscillatory frequency sweep measurements.

The comparison of the mechanical spectra of control dough (CD) and doughs obtained with Yg
additions (YgD) are represented in Figure 2.

Figure 2. Changes in viscoelastic functions, elastic (G´) and viscous (G´´) moduli, promoted by different
levels of Yg addition, YgD5% up to YgD20%, compared to control dough (CD).

Figure 2 shows that the elastic (G´) and viscous (G´´) moduli values obtained for Yg doughs,
from 10% of Yg addition, were lower than control dough (CD), indicating a formation of weaker
structures more like batter. No significant differences in viscoelastic profile for lower values of Yg
tested (YgD5%) were observed, comparing with CD.

These results are aligned with those obtained by steady shear flow curves, discussed above,
where a significant reduction of dough viscosity was registered from 10% on of Yg addition. Similar
results were obtained by other researchers [10,28], using different gluten-free flours, proteins sources,
and hydrocolloids in GFB formulations.

Analyzing in detail the results (Figure 2) at low frequencies, all the dough systems displayed a
viscoelastic fluid behavior with values of G” higher than G´, characteristic of an entangled network [29–31],
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probably formed by the proteins’, exopolysaccharides’, and starch molecules’ interaction. However,
with the frequency increase, the crossover of both moduli occurred and the dominance of the G´
over the G´´ was observed, expressing a typical pseudo-gel behavior [28–30], with high frequency
dependence [32]. These results agree with previous findings obtained by the study of the rheology
evolution of gluten-free flours and starches during bread fermentation and baking [33].

It can be observed that the frequency values of the G´ crossing over the G´´ were reduced by the
Yg addition to dough, varying from 0.025 Hz for CD to 0.004 Hz for YgD20% (higher level tested).
Based on these results, and although the Yg addition promoted significant changes on dough structure,
some reinforcement of the molecular linkages on the dough matrix should be considered. This may be
explained by the presence of casein and exopolysaccharides coming from Yg that are acting on the
system through three probable mechanisms:

(1) Improving the orientation and disentanglement of the molecular linkages on the dough matrix,
under oscillatory conditions [34], by lubrification and flexiblizing effects,

(2) Reducing the stiffer network structure formed by xanthan gum, giving more flexibility to the
dough network [17], and

(3) Reinforcing the dough molecular bonds, by additional casein and exopolysaccharides interaction,
giving more stability to the dough [13,17].

These results showed that the Yg additions promoted considerable changings in viscoelastic
properties that resulted in the improvement of the dough network capacity to incorporate and retain gas
bubbles produced by yeast´s fermentative activity, consequently, reducing significantly the viscoelastic
properties of the dough under oscillatory conditions. This observed behavior resulted in better texture
properties and higher specific volumes of the bread [13].

From previous work, it was already stated that interactions between protein and polysaccharides
led to similar changes in the viscoelastic functions (G´ and G´´) profile of gluten-free bread doughs [10].
These findings are also in line with those obtained by other researchers [17] evaluating the effect of
different hydrocolloids and proteins on rheology properties of GFB formulation.

3.2. Evaluation of the Gluten-Free Bread Properties

3.2.1. Bread Texture and Staling Rate

The texture of the GFB produced with different contents of Yg addition was evaluated based
on bread crumb firmness by a puncture test, and subsequent bread staling rate obtained from the
evolution of the bread firmness, during the storage time of 96 h at room temperature [18,23].

From Figure 3, it can be observed that the Yg addition had a significant (p ≤ 0.05) positive impact
to increase the bread crumb softness: Initial and final values of control bread firmness were higher
than all levels of Yg tested, varying from 2.25 Newton (initial) to 6.50 Newton (final) for CB and 0.82
Newton (initial) to 1.35 Newton (final) for higher levels of Yg tested on breads (YgB20%), representing
a decrease of 64% and 80% of crumb firmness values, respectively.

Bread staling rate was described as a function of time (R2 > 0.974). The linear parameters presented
in Table 3 clearly reflect the impact of Yg additions on bread staling rate (A, the slope) and initial
firmness (B, the interception).

The staling rate of the Yg breads were significantly lower than for the (CB), ranging from 0.044 N/h
(CB) to 0.005 N/h for higher level of yoghurt tested yoghurt bread (YgB20%), representing a reduction of
90%. Similar results were obtained by other authors [35] evaluating the impact of the dairy powders on
loaf and crumb characteristics and on shelf life of GFB. These findings are also in line with those obtained
by a previous work [18] evaluating the impact of fresh dairy products’ addition on technological,
nutritional, and sensory properties of wheat bread. Good results of bread texture and staling rate can
be explained by the presence of exopolysaccharides, coming from the Yg addition, since it has been
well demonstrated that EPS improve bread texture properties, and such effects are related to its ability
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to bind water and retain moisture, retarding the starch crystallization and, hence, the increase of bread
firmness [26,36–38].

Figure 3. Variation of bread crumb firmness during 96 h of storage time, at room temperature, obtained
for breads with different levels of Yg addition (YgB5% up to YgB20%) compared to control bread (CB).

Table 3. Bread stalling parameters: A, bread staling rate (Newton/h), and B, initial bread firmness (N),
obtained for control bread (CB) and breads with different levels of Yg tested (YgB) *.

Yg Levels B—Initial Firmness (N) A—Staling Rate (N/h) R2

CB 2.25 a 0.044 a 0.997
YgB5% 1.90 b 0.020 b 0.974
YgB10% 0.95 c 0.006 c 0.975
YgB15% 0.85 c 0.005 c 0.979
YgB20% 0.82 c 0.005 c 0.993

* Different letters (a, b, c) within the same column indicate significant statistical differences at p ≤ 0.05, (Tukey test),
compared with the control bread parameters.

It can be stated that the Yg addition increased the bread crumb softness and delayed the staling
rate of the GFB, leading to an increase of shelf life, which is an important industrial advantage.

3.2.2. Quality Parameters of Gluten-Free Bread

The impact of the Yg addition on gluten-free quality parameters, such as crumb color, moisture,
water activity (aw), bake loss (%), and specific bread volume (SBV), was evaluated. Results obtained
are summarized in Table 4.

Table 4. Gluten-free bread quality parameters: Crumb color (L*, a*, b*), moisture, water activity (aw),
bake loss (BL), and specific bread volume (SBV) of the control bread (CB) and breads produced with
different levels of Yg (YgB) addition *.

Samples L* a* b* Moisture (%) aw BL (%) SBV (cm3/g)

CB 59.52 ± 2.85 a 7.81 ± 0.23 a 11.40 ± 0.20 a 42.00 ± 0.33 a 0.959 ± 0.006 a 10.00 ± 0.41 a 1.80 ± 0.08 a

YgB5% 59.93 ± 2.83 a 6.21 ± 0.08 ab 13.61 ± 1.20 a 43.20 ± 0.11 a 0.979 ± 0.001 a 9.35 ± 0.93 a 2.10 ± 0.03 b

YgB10% 62.52 ± 2.75 ab 5.26 ± 0.17 b 19.60 ± 0.75 b 46.40 ± 0.20 b 0.978 ± 0.002 a 8.44 ±1.24 ab 2.40 ± 0.05 c

YgB15% 68.02 ± 1.60 b 4.16 ± 0.11 c 22.90 ± 0.50 bc 48.00 ± 0.04 c 0.981 ± 0.005 a 7.50 ± 0.30 b 2.43 ± 0.08 c

YgB20% 68.60 ± 2.65 b 4.05 ± 0.15 c 25.32 ± 0.73 c 50.00 ± 0.83 d 0.985 ± 0.003 a 7.30 ± 0.94 b 2.50 ± 0.06 d

* Different letters (a, b, c, d) within the same column, for each level of Yg, indicate statistically significant differences
at p ≤ 0.05 (Tukey test), compared with the control bread parameters.
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Bread crumb color was significantly changed by Yg addition, giving a lighter color (higher L*
values) with more pronounced yellow tone (higher b* values) while the red tone became less dominant
(lower a* values).

In terms of bread moisture, an increase in moisture content was observed (from 10% on, of Yg
addition), varying from 42.0 for CB to 50.0 for YgB20% (higher level tested), corresponding to an
increase of 20%. Related to water activity, no significant (p ≥ 0.05) differences were registered for all
levels tested, compared to CB.

The bake loss (BL) represented the amount of water and organic material (CO2 and other volatiles)
lost during baking [12]. One can see (Table 4) that increasing the amounts of Yg led to a significant
decrease of BL (p ≤ 0.05), corresponding to an increase of 27% on bread yield, comparing CB with
YgB20%. Presumably, as discussed above, the dough network formed by the Yg addition, probably
via starch molecules, vegetable protein, casein, and EPS (coming from Yg), had a higher ability to
trap water and it may cause an increase in water-holding capacity, consequently, a decrease on the BL
percentage [39–41]. These results agree with those published by other authors [26] on the combination
of dairy proteins with transglutaminases on GFB formulation.

Based on specific bread volume (SBV), a significant improvement was observed by Yg addition
from 10% on, varying between 1.80 cm3/g for CB to 2.50 cm3/g for YgB20%, representing an increase of
around 40%. These improvements on the SBV were probably due to the increase in water-holding
capacity, contributing to the starch molecules being more prone to form a uniform continuous
starch–protein matrix, which was further enhanced during baking [12,41]. In addition, the contribution
of the caseins and exopolysaccharides, coming from Yg addition, cannot be excluded, probably by
building a structured starch–protein–EPS matrix [38,39], improving the flexibility of the dough network
and the capacity to retain the gases produced during the fermentation process, contributing to keeping
the bread structure with uniform gas cell distribution, resulting in better bread volumes than CB, as can
be observed in Figure 4.

YgB5% 
YgB20% 

YgB10% 

CB 

YgB15% 

Figure 4. Control bread (CB) and breads obtained with different levels of Yg addition (YgB): 5, 10, 15,
and 20% (w/w- weight/weight).

Our results agree with those published by other authors [26] reporting the effect of dairy proteins
(caseins and albumins) with transglutaminase additions on the improvement of crumb texture and
better SBV.

Resuming, it can be stated that the Yg addition improved the bread quality of the gluten-free
bread in all baking quality parameters evaluated.
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3.3. Relationship between Bread Quality Parameters and Dough Rheology Properties

Bread crumb texture and volume are considered the most important baking properties by the
consumers [12] and the incorporation of fresh Yg showed to be a potential ingredient to improve these
bread quality parameters.

The results presented along this work suggested a relationship between bread quality parameters
and dough rheology properties. Linear correlations (R2 > 0.9041) between the bread firmness (BF)
and specific bread volume (SBV) with steady shear (dough viscosity (DV)) and oscillatory (G, elastic
modulus at 1Hz) values of dough rheology were obtained. The linear correlations are illustrated in
Figure 5.

A1 A2

B1 B2

Figure 5. Linear correlation between bread firmness (BF) and specific bread volume (SBV) with dough
viscosity (DV) and elastic modulus at 1 Hz (G´): (A1) BF vs. DV, (A2) SBV vs. DV, (B1) BF vs. G´,
(B2) SBV vs. G´.

As can be observed from Figure 5, while the control dough (only with xanthan gum) exhibited
higher dough viscosity (DV) and elasticity (G´ at 1Hz) values, the specific volume of this bread was
not high, and the crumb firmness was harder than the Yg doughs obtained. Previous works [13,17]
reported that, although xanthan gum had the most pronounced effect on viscoelastic properties of the
dough, the bread texture and volume were negatively affected.

In opposite, lower values of dough viscosity (DV) and elastic modulus (G´ at 1 Hz) by the Yg
addition to dough resulted in breads with lower values of crumb firmness (B1) and staling rate and
with higher specific volumes (B2) than control bread.

These linear correlations support the results presented along this work, showing a strong
correlation between bread quality parameters and dough rheology properties. It can be stated that
the dough system was improved by Yg addition, which resulted in softer breads with better volumes,
as aforementioned.
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These findings disagree with those obtained by other researchers [11,17] evaluating different
gums and emulsifiers on gluten-free bread formulations, where higher dough viscosity and elastic
values resulted in lower firmness values of the bread. It suggests that the quality of the GFB depends
strongly on the type of the ingredients used and the interactions between the macromolecules into
play, to mimic the structure building-like gluten matrix.

These relations between the dough rheology and bread quality can be useful to predict the
behavior of the dough and provide important information for the GF bread making industry.

3.4. Nutritional Composition of the Gluten-Free Breads

The nutritional composition of the gluten-free breads, including the mineral profile, were
determined for control bread (CB) and breads obtained with 10% and 20% of Yg addition (YgB).
A significant (p ≤ 0.05) reinforcement on protein and ash content was observed for both levels of
Yg tested. However, a remarkable effect was obtained for 20% (w/w) of Yg addition in both cases,
representing an increase of 52% and 55%, respectively. Nutritional composition and minerals profile of
the gluten-free breads are summarized in Table 5.

Table 5. Proximate nutritional composition and mineral profile for control bread (CB) and breads
enriched with 10% (YgB10%) and 20% (YgB20%) of yogurt *.

g/100 g CB YgB10% YgB20%

Proteins 5.34 ± 0.21 a 6.90 ± 0.02 b 8.10 ± 0.20 c

Lipids 4.83 ± 0.29 a 5.20 ± 0.84 a 5.60 ± 0.22 a

Ash 1.40 ± 0.03 a 1.74 ± 0.17 ab 2.12 ± 0.27 b

Carbohydrates 45.61 ± 1.12 a 39.00 ± 2.25 b 34.20 ± 1.58 c

Kcal 250.30 ± 1.40 a 237.07 ± 2.13 b 226.52 ± 2.89 c

Minerals content mg/100 g 15% RDV (mg/100g) **

Na (g/100 g) 0.41 ± 0.03 a 0.42 ± 0.01 a 0.53 ± 0.02 b

K 412.0 ± 8.02 a 497.30 ± 5.92 b 515.40 ± 16.40 b 300.0
P 131.81 ± 5.40 a 133.90 ± 0.90 a 141.24 ± 2.00 b 120.0

Mg 48.70 ± 1.02 a 50.24 ± 0.56 a 52.32 ± 0.82 b 45.0
Ca 35.93 ± 2.06 a 52.20 ± 0.81 b 92.60 ± 2.60 c 120.0
Fe 6.94 ± 0.12 a 4.74 ± 0.67 b 3.10 ± 0.05 c 2.1
Cu 0.23 ± 0.01 a 0.25 ± 0.02 a 0.30 ± 0.03 a 0.2
Mn 0.51 ± 0.01 a 0.60 ± 0.02 a 0.70 ± 0.03 b 0.3
Zn 1.12 ± 0.01 a 1.05 ± 0.08 a 0.98 ± 0.01 b 2.3

* Different letters used (a, b, c, d) indicate statistically significant differences, within the same row, at p ≤ 0.05
(Tukey test), compared with the bread control; ** according to the recommended daily values (RDV) established by
Regulation (European Community), N◦ 1924/2006; Directive N◦ 90/494 (CE).

In terms of lipids, no significant (p ≥ 0.05) differences were obtained. Based on carbohydrates
content, a significant decrease for higher levels of Yg tested (20% w/w) was observed, representing a
decrease of 25%, due to the dilution effect of the starch content.

Regarding the minerals profile, a significant improvement (p ≤ 0.05) of major (Ca, K, P, Mg)
and trace minerals (Fe, Cu, Mn) was obtained, representing, in general, more than 15% of the
recommended daily values (Regulation (European community)), No. 1924/2006; Directive No. 90/494
(CE). Considering the higher level of Yg tested (YgB20%), a significant increase in Ca (158.0%), K (25.1%),
P (7.0%), and Mg (4.1%) can be noticed as well as in Fe (55.3%), Cu (30.4), and Mn (37.3%), compared
to control bread (Table 5). Similar results were obtained by other authors [18] testing the addition of
dairy products on wheat bread.

These results showed that the Yg addition can be used to enhance the nutritional value of the
GFB, increasing the amount of protein and minerals profile with a good contribution to reducing the
carbohydrates intake.
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4. Conclusions

Gluten-free bread formulations, with different levels of yogurt addition, were evaluated using
dough rheology measurements and baking quality parameters.

The results of the present work showed that the functionality of gluten-free breads, in terms of
bread making performances, quality parameters, and nutritional profile can be successfully improved
by the addition of fresh yogurt.

Although, the yogurt incorporation significantly reduced the rheology properties of doughs,
such effects resulted in significant improvements in the overall quality of the corresponding breads.
Good linear correlations between bread firmness, specific volume with flow behavior, and viscoelastic
functions were found, supporting the results obtained.

Resuming, the Yg showed to be a potential ingredient to improve the quality of gluten-free breads,
resulting in softer breads with higher volume and lower staling rate, compared to control bread.

Related to the nutritional composition, the addition of Yg revealed to be an attractive ingredient to
enhance the nutritional value of GF breads, increasing the protein and mineral contents and reducing
the carbohydrates intake, with a good contribution to improve the daily diet of the celiac people.
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Abstract: The formula and processing parameters for gluten-free rice bread were optimized using a
factorial design, including a center point. Gum concentration (GC), water amount (WA), mixing time
(MT), and fermentation time (FT) were selected as factors, and two levels were used for each factor:
1 and 2% for GC; 80 and 100 g for WA; 5 and 10 min for MT; and 30 and 60 min for FT. The WA and FT
were identified as the most significant factors in determining the quality of gluten-free rice bread with
tamarind gum. Thus, the optimized formula and processing conditions for maximizing bread volume
and minimizing bread firmness were 1% gum, 100 g water, 5 min MT, and 60 min FT. The addition of an
anti-staling enzyme reduced the increase in bread firmness and the enthalpy of starch retrogradation,
suggesting its potential for successful application in commercially manufactured rice bread with
tamarind gum.

Keywords: gluten-free; rice bread; tamarind gum; factorial design; optimization; formula;
processing factor

1. Introduction

In Korea, with increasing personal income and the westernization of dietary patterns,
the consumption of rice is decreasing, while the use of wheat is increasing [1]. Wheat contains
glutenin and gliadin, which are unique protein components that form the viscoelastic gluten essential
for bread-making. However, omega gliadin, present in wheat, is a major component that causes celiac
disease, which is an autoimmune disease caused by ingesting gluten, and its main symptoms include
chronic diarrhea, vomiting, and abdominal distension in young infants [2]. Patients with celiac disease
are advised to consume gluten-free foods from grains that do not contain gliadin. Rice is one such
grain commonly used for gluten-free products. Thus, the development of gluten-free foods using rice
flour is considered to be a suitable strategy to increase rice consumption [3].

Considerable research on the development of gluten-free foods using rice has been actively
conducted worldwide [4–6], and various gluten-free products are being sold commercially. Baked goods
are popular, and many studies have been performed to develop gluten-free rice bread. However,
the improvement of the pseudo-viscoelasticity imparted by rice flour dough is still needed to develop
a gluten-free rice product whose volume and texture are similar to those of bread made of wheat
flour. Many types of grains, protein sources, and gums have been studied to improve the quality of
gluten-free bread [7,8].

Several gums, such as xanthan gum, guar gum, pectin, carrageenan, and hydroxyl methylcellulose
(HPMC), have been studied [9–13], and, recently, tamarind gum has been reported for its suitability in
the manufacturing of rice bread [14]. Tamarind gum is a xyloglucan and can improve bread-making
by increasing the stability of the dough and loaf volume [15]. The majority of studies on gluten-free
products have investigated the ingredients and formulation, with less focus on the processing conditions.
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Therefore, in-depth research on the formulation and processing conditions of gluten-free rice bread,
with the added tamarind gum, is needed for its successful application.

In this study, a factorial design was used to identify and optimize significant factors in the
formulation and processing conditions of gluten-free rice bread with the addition of tamarind gum.
Gum concentration (GC), water amount (WA), mixing time (MT), and fermentation time (FT) were the
four factors selected, and two levels were set for each factor. Quality characteristics of the gluten-free
rice bread were evaluated by measuring the pH of batter before and after fermentation, moisture,
volume, and crumb texture of the bread. The effect of an anti-staling enzyme on gluten-free rice bread at
the optimal formulation and processing conditions, selected through the experiment, was analyzed for
quality changes during cold storage by measuring moisture, texture, and the retrogradation enthalpy
of the rice bread by differential scanning calorimetry (DSC).

2. Materials and Methods

2.1. Materials

The rice flour used (Nongsim, Seoul, Korea) was a wet mill product purchased from a local market.
Tamarind gum was obtained from a manufacturing company (Socius Ingredients LLC, Evanston,
IL, USA), and sugar (CJ CheilJedang Corp, Seoul, Korea), soy milk powder (Benesoy, Rock City,
IL, USA), canola oil (Beksul, Seoul, Korea), salt (Haepyo, Seoul, Korea), and dry yeast (Lesaffre,
Marcqen–Baroeul, France) were purchased from a local market. The anti-staling enzyme Novamyl
10,000 BG, used in the storage experiments, was obtained from a manufacturing company (Novozymes,
Bagsvaerd, Denmark).

2.2. Preparation of Rice Bread

The Design Expert (Minneapolis, MN, USA) program was used for the factorial design to
identify and optimize the significant factors of the formulation and processing conditions. The four
factors—concentration of gum, amount of water, mixing time, and fermentation time—were selected,
with each factor consisting of two levels: gum concentration at 1 and 2%; water at 80 and 100 g; mixing
time at 5 and 10 min; and fermentation time at 30 and 60 min. The basic ingredients and formulation
used were 100 g of rice flour, 5 g of canola oil, 7 g of sugar, 3 g of soy milk powder, 2 g of salt, and 3 g
of yeast, according to the combined method described by Hera et al. [16] and Jang et al. [14]. The rice
bread was prepared as per the method described by Jang [17].

Pre-weighed dry ingredients, including rice flour and tamarind gum, were tumbled in a jar with a
lid for uniform blending and transferred to a mixer bowl (Pin Mixer, National Mfg. Co., Lincoln, NE,
USA). Oil (5 g) and water (amount set as per the experimental design shown in Table 1) were added
and mixed for a set time. Batter (190 g) was placed in a baking pan (a non-stick mini loaf pan, 14.6 cm
× 8.3 cm × 5.7 cm; Chicago Metallic, Lake Zurich, IL, USA). The baking pan containing the batter was
placed in a fermenter (Samjung, Gyeonggi, Korea) for a set time at 30 ◦C and 85% relative humidity.
Batter appearance, before and after fermentation, was photographed using a digital camera (Canon,
Tokyo, Japan). After fermentation, 10 g of the batter was removed for pH measurement, and the
remaining batter was baked in an oven (Phantom M301 Combi, Samjung, Gyeonggi, Korea) at 215 ◦C
for 20 min. After cooling at room temperature (25–30 ◦C) for 20 min, the bread was taken out of the
baking tray. It was further cooled for 40 min before quality analysis. Bread baking was repeated twice
for each condition.
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Table 1. Experimental conditions tested by a full factorial design for preparing gluten-free rice bread.

Std
Order

Run
Order

Gum
(%)

Water
(g)

Mixing Time
(min)

Fermentation Time
(min)

1 12 1 80 5 30
2 14 2 80 5 30
3 9 1 100 5 30
4 16 2 100 5 30
5 3 1 80 10 30
6 5 2 80 10 30
7 10 1 100 10 30
8 17 2 100 10 30
9 13 1 80 5 60
10 7 2 80 5 60
11 11 1 100 5 60
12 2 2 100 5 60
13 1 1 80 10 60
14 6 2 80 10 60
15 4 1 100 10 60
16 15 2 100 10 60
17 8 1.5 90 7.5 45

2.3. Analysis of Batter Property of Rice Bread

To measure the specific gravity of the batter, 5 g of the batter was placed in a 50 mL beaker, and its
volume was marked. After removing the batter, water was poured up to the mark, and the volume
and weight of the water were measured. The specific gravity of the batter was calculated.

To measure the pH before and after fermentation of the batter, 5 g of batter and 50 g of distilled
water were mixed in a blender (SFM-7700JJH, Sinil, Korea) for 20 s to ensure uniform dispersion,
and the batter suspension was transferred to a beaker. The pH of the suspension was measured using
a pH meter (Mettler Toledo SevenEasy pH meter S20, Columbus, OH, USA).

2.4. Evaluation of Rice Bread Quality

Bread weight, height, and volume were measured according to the method described by Jang et
al. [14]. To measure bread volume, millet seeds were used in the seed replacement method. The density
(g/mL) of millet, used for converting weight into volume, was determined by filling a 1.5 L plastic
container with millet. A loaf of bread was placed in the container filled with millet, and the weight
of millet that was pushed out of the container (g) was measured. The volume of the bread (mL) was
calculated based on the calculated density.

According to the AACC Approved Method 74–09.01 [18] and that described by Jang et al. [14],
bread firmness was measured using a Texture Analyzer (Brookfield CT3, Middleboro, MA, USA).
The measurement conditions were set as follows: mode, measure force in compression; pre-test
speed, 2.0 mm/s; test speed, 2.0 mm/s; post-test speed, 5.0 mm/s; probe, a 3.6 cm diameter cylinder;
and penetration distance, 15 mm. One loaf of bread was cut from the centre into two pieces with a
thickness of 2 cm; its firmness was measured by compressing the centre of the cross-section of the bread.

The moisture content of the bread samples was measured using the AACC Approved Method
44–15.02 [18]. Approximately 3 g of pre-weighed breadcrumbs in an aluminium container was placed
in a hot-air drying oven (FO 600-M, Jeio Tech, Daejeon, Korea), dried at 130 ◦C for 1 h, and cooled at
room temperature in a desiccator for 30 min. The moisture content of the bread was calculated from
the weight reduced after drying.

2.5. Evaluation of the Effect of an Anti-staling Enzyme on the Staling of Rice Bread during Storage

To evaluate the effect of an anti-staling enzyme on bread staling during storage, bread was
prepared as per the formulation and processing conditions were selected as the most desirable in the
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optimization experiment conducted in this study. An anti-staling enzyme, Novamyl 10,000 BG, was
added to the bread formulation at 0.005, 0.01, and 0.015%, and mixed well with the dry ingredients
used to prepare the rice bread as per the abovementioned process. Control bread, for comparison,
was made without adding the enzyme. One loaf of bread was cut from the centre into three pieces
with a thickness of 2 cm. One piece was used as the fresh sample (0 days); the other two pieces were
sealed in aluminium foil packaging to avoid moisture loss during storage and placed in a refrigerator
at 4 ◦C. Measurements of firmness, moisture content, and enthalpy of starch retrogradation of bread by
DSC during storage were performed on 0, 1, and 4 days of storage after baking.

The temperature and enthalpy of starch retrogradation of bread were measured by DSC (DSC
6000, Perkin–Elmer Co., Waltham, MA, USA). Breadcrumbs and water were mixed well at a ratio of 1:1
(w/w). Then, 40 mg of the mixture was sealed in a stainless steel pan and heated at 10 ◦C/min of heating
rate from 10 ◦C to 140 ◦C using a differential scanning calorimeter. The temperature and enthalpy of
starch retrogradation of bread were analyzed using Pyris Software (ver. 11, Perkin–Elmer Co.).

2.6. Statistical Analysis

All results were evaluated by two or more repeated experiments and analyzed using the Design
Expert program to identify significant factors, as well as to optimize the formulation and processing
conditions. The SPSS statistical program (ver. 22.0, IBM Corp., Armonk, NY, USA) was used for the
ANOVA and the Duncan’s multiple range test at a significance threshold of p < 0.05.

3. Results and Discussion

3.1. Characteristics of the Batter of Rice Bread

The appearance of the batter, prepared according to the experimental design, is presented in
Figure 1. With the high WA in the formulation, the batter was thin. Within the same WA in the
formulation, the batter with the high GC was relatively thicker. With the increasing WA and FT,
the expanded volume of the batter after fermentation increased. The most significant increase in batter
volume after fermentation was observed in batters #11, 12, 15, and 16, which were formulated with
100 g of water and fermented for 60 min, and #17, the center point with 90 g of water for 45 min
of fermentation. Increasing the FT could break the dough structure by weakening the hydrocolloid
network in which starch granules or flour particles are embedded, resulting in less resistance to
strain [19]. The extent of volume expansion between these batter samples was not significantly different
by varying the MT. However, when the GC was less, the batter looked thin, which might have resulted
in easy expansion. A lower batter consistency is preferred for good performance during leavening [20].
Thus, the appearance of the batter might be linked to the bread volume.

The pH of the rice bread batter, before and after fermentation, is shown in Table 2.
After fermentation, the pH of all the samples decreased, which was considered to be the result
of acidic substances, such as lactic acid and acetic acid, that were produced during fermentation [21].
The pH change during fermentation was 0.3–0.7. The batter samples (#1–8), fermented for 30 min,
showed a pH of 5.7–5.9 after the fermentation, resulting in a pH change of 0.3–0.5, whereas the samples
(#9–16), fermented for 60 min, showed a pH of 5.4–5.6 after fermentation, resulting in a pH change
of 0.5–0.7. As a result, it is suggested that the fermentation time affected the batter pH, whereas the
GC, WA, and MT did not show any significant effects on batter pH. Jang et al. [14] reported that
changes in batter pH during fermentation were different between various gums used at 4%. However,
no significant difference was observed at the 1–2% concentration of tamarind gum that was used in
this study in order to follow the U.S. Food and Drug Administration (FDA) regulation.
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Figure 1. Appearance of batter prepared as per the designed formula and processing conditions before
(left) and after (right) fermentation.

The specific gravity of all of the batter samples was 1.1 g/cc, which indicated no significant
difference in aeration during mixing due to a negligible difference (1 and 2%) in the viscosity of the gum.
But, Jang [17] observed differences in the specific gravity of the batter depending on the type of gum
used in the gluten-free rice bread. When the hydroxypropyl methylcellulose (HPMC) concentration
was increased from 1 to 4% in the formulation of rice bread, the specific viscosity of the batter was
significantly increased because of the increased thickness that caused less aeration during mixing.

3.2. Quality Characteristics of Rice Bread

The cross-section of the rice bread is shown in Figure 2. The #9–16 bread samples with 60 min
of fermentation exhibited a relatively higher volume than the #1–8 bread samples with 30 min of
fermentation, reflecting the effect of FT on the bread volume. The impact of the WA was more
pronounced at a longer FT, and the #11, 12, 15, and 16 bread samples exhibited relatively large
cross-sectional volumes of bread. Among the bread samples, #11 (1% gum, 100 g of water, 5 min MT,
and 60 min FT) was selected as the most desirable bread that was similar to commercial bread, based
on crumb pore size and symmetrical shape.

The weight of the bread was affected significantly by the high WA with 60 min FT but not with
30 min FT. The weight of the former bread per loaf was 144.1–145.6 g, whereas that of the latter was
150.3–153.2 g (Table 2). When the WA was high and the FT long, the batter could expand quickly
during the baking process, resulting in an increase in volume and moisture loss during baking [5, 16].
The volume of rice bread was also affected significantly by the FT with high WA. At 60 min of
fermentation, the volume of bread was 338.3–380.0 mL, whereas, at 30 min, the volume of bread
was 270.6–293.5 mL (Table 2). When the WA was low, the effect of the FT on bread volume was
not significant.
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Figure 2. Cross-sections of gluten-free rice bread tested by a full factorial design.

The moisture content and firmness of the breadcrumbs are shown in Table 2. The moisture content
of the breadcrumbs correlated with the amount of water in the formulation. Regardless of the FT,
the water content of the crumbs was 44.4–46.3% when a small amount of water was added to the
formulation and 49.3–51.3% when a large amount of water was added to the formulation. The firmness
of the breadcrumbs showed a significant relationship with the moisture content of the breadcrumbs
in the bread samples prepared with the same FT. When the FT is long (60 min) and the WA is large,
the bread volume is large and the firmness of the bread crumb is significantly low [5,16,22]. Overall,
the quality of bread was affected by the WA and FT, which were the significant factors, but was not
affected by the GC and MT.
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Table 2. pH of batter before and after fermentation and gluten-free rice bread characteristics tested by a
full factorial design.

Std
Order

Batter Bread

pH before
Fermentation

pH after
Fermentation

Weight
(g)

Volume
(mL)

Moisture
Content

(%)

Firmness
(N)

1 6.2 ± 0.1 a,* 5.9 ± 0.1 a 153.8 ± 0.2 b,c 289.8 ± 11.5 b 46.2 ± 0.0 a 9.8 ± 1.1 e,f

2 6.3 ± 0.2 a 5.9 ± 0.2 a 154.1 ± 0.5 b,c 300.1 ± 0.9 b 45.3 ± 0.3 a 8.9 ± 0.1 d,e,f

3 6.2 ± 0.0 a 5.9 ± 0.1 a 150.7 ± 0.2 b,c 273.2 ± 5.0 a,b 50.0 ± 0.6 c 7.0 ± 1.2 b,c,d,e

4 6.3 ± 0.2 a 5.9 ± 0.2 a 153.2 ± 0.7 b,c 370.1 ± 6.0 d,e 49.9 ± 0.5 c 6.8 ± 1.2 b,c,d,e

5 6.0 ± 0.1 a 5.7 ± 0.1 a 152.9 ± 0.9 b,c 295.2 ± 5.0 b 45.6 ± 0.7 a 8.5 ± 0.9 c,d,e

6 6.0 ± 0.1 a 5.7 ± 0.2 a 154.6 ± 1.1 c 276.2 ± 14.1 a,b 44.4 ± 0.3 a 8.8 ± 1.0 d,e,f

7 6.2 ± 0.0 a 5.8 ± 0.0 a 152.3 ± 0.8 b,c 258.3 ± 4.5 a 51.3 ± 0.1 c 7.0 ± 0.6 b,c,d,e

8 6.3 ± 0.3 a 5.8 ± 0.2 a 152.2 ± 1.4 b,c 274.3 ± 8.8 a,b 50.6 ± 0.8 c 7.0 ± 0.2 b,c,d,e

9 6.2 ± 0.0 a 5.5 ± 0.0 a 151.1 ± 0.3 b,c 282.7 ± 3.5 a,b 46.3 ± 0.3 a 7.9 ± 1.0 c,d,e

10 6.1 ± 0.2 a 5.5 ± 0.2 a 152.0 ± 0.1 b,c 270.6 ± 6.2 a,b 44.4 ± 0.2 a 9.9 ± 1.1 e,f

11 6.2 ± 0.1 a 5.6 ± 0.0 a 145.3 ± 1.1 a 338.3 ± 3.8 c 50.6 ± 0.7 c 4.0 ± 0.1 a,b

12 6.1 ± 0.2 a 5.5 ± 0.1 a 145.2 ± 0.6 a 360.0 ± 12.4 c,d,e 50.4 ± 1.0 c 5.5 ± 0.4 a,b,c

13 6.0 ± 0.1 a 5.5 ± 0.1 a 153.2 ± 4.1 b,c 293.5 ± 12.8 b 45.2 ± 1.3 a 12.0 ± 2.0 f

14 6.0 ± 0.1 a 5.4 ± 0.2 a 150.3 ± 0.6 b 275.3 ± 0.8 a,b 44.4 ± 0.2 a 8.5 ± 0.9 c,d,e

15 6.1 ± 0.1 a 5.4 ± 0.2 a 144.1 ± 0.2 a 349.1 ± 8.0 c,d 49.3 ± 0.3 b,c 3.1 ± 0.3 a

16 6.3 ± 0.3 a 5.6 ± 0.2 a 145.6 ± 1.0 a 380.0 ± 10.9 e 50.6 ± 0.3 c 4.0 ± 1.2 a,b

17 6.0 ± 0.2 a 5.5 ± 0.2 a 149.9 ± 0.5 b 365.6 ± 18.8 c,d,e 47.0 ± 2.4a,b 5.8 ± 1.1 a,b,c,d

* Results are expressed as the mean ± standard deviation. Values with the same letter within the same column are
not significantly different (p < 0.05), according to Duncan’s multiple range test.

3.3. Significant Factors Affecting the Quality Characteristics of Rice Bread

The results of the statistical analysis of the batter characteristics and bread quality characteristics
of gluten-free rice bread prepared based on the full factorial design of a factor analysis method are
shown in Table 3. The three-dimensional plots of the six characteristics of gluten-free rice batter and
bread with tamarind gum are presented as a function of the two independent variables among GC,
WA, MT, and FT in response to their significance in Figure 3.

Table 3. Significant factors for the batter and bread characteristics of gluten-free rice bread tested by a
full factorial design.

Sample Response Significant Factor p-Value Significance

Batter Specific gravity - - -
pH before fermentation - - -
pH after fermentation Fermentation time (FT) 0.0002 Negative

Bread Weight Fermentation time <0.0001 Negative
Water amount (WA) <0.0001 Positive

WA × FT 0.0024 Positive
Volume Fermentation time 0.0207 Positive

WA × FT 0.0097 Positive
Moisture content Water amount 0.0002 Positive

Firmness Water amount <0.0001 Negative

With regard to the batter characteristics, no significant factors affected the specific gravity
(Figure 3A) or pH before fermentation; however, FT was a significant factor that was negatively
correlated with the pH after fermentation. It was predicted that the pH of the batter decreased after
fermentation with the increase in the FT (Figure 3B).

With regard to the quality characteristics of bread, the WA and FT were the significant factors
negatively correlated with the weight of bread. The weight of the bread decreased as the WA and FT
increased (Figure 3C). However, FT was positively correlated with bread volume, confirming that
the FT needs to be controlled to increase the volume. Interaction of WA and FT also had a positive
effect on bread volume. Thus, the bread volume increased as the WA and FT increased (Figure 3D).
The moisture content of breadcrumbs was positively correlated with the WA, whereas the firmness
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of the breadcrumbs was negatively correlated with the WA (Figure 3E,F). These results reflected the
importance of the WA for bread quality. Hera et al. [16] and Mancebo et al. [5] reported the effect of
water content on gluten-free bread quality; the bread specific volume increased and the crumb texture
improved by increasing dough hydration, which was similar to our results.

Figure 3. Three-dimensional plots on the characteristics of batter (A,B) and bread (C–F) affected by
significant factors of the formula and processing conditions in the preparation of gluten-free rice bread
with tamarind gum.

3.4. Effect of an Anti-staling Enzyme on the Quality of Rice Bread during Storage

The moisture content and firmness of bread after adding an anti-staling enzyme during storage at
4 ◦C and its retrogradation tendency measured by DSC are shown in Figure 4 and Table 4. The control
rice bread without the added enzyme showed a significant increase in firmness during storage
compared to the bread with the added enzyme. The results of the control bread were consistent with
the storage test of rice bread with tamarind gum reported by Jang et al. [14]. Gluten-free rice bread
has a higher starch percentage than wheat bread, and numerous attempts to retard staling have been
reported [23,24].

  
(a) (b) 

Figure 4. Changes in the moisture content (a) and firmness (b) of bread with anti-staling enzyme at
different concentrations during storage at 4 ◦C.
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Table 4. Thermal characteristics of gluten-free rice bread prepared with #11 (1% gum, 100 g of water, a
5 min mixing time, and a 60 min fermentation time) during storage at 4 ◦C.

Enzyme
Concentration

(%)

Storage Time
(day)

Tonset
(◦C)

Tpeak
(◦C)

Tend
(◦C)

Heat of
Transition
(ΔQ, J/g)

0 0 40.1 ± 0.1 a,* 48.1 ± 0.1 a 66.9 ± 1.1 c,d,e,f 0.35 ± 0.0 a

1 40.0 ± 0.0 a 53.4 ± 0.1 b 64.8 ± 0.2 b,c,d,e 0.82 ± 0.0 c

4 40.8 ± 0.9 a 52.8 ± 0.4 b 65.1 ± 0.6 b,c,d,e 1.43 ± 0.1 e

0.005 0 40.0 ± 0.0 a 48.0 ± 0.1 a 67.8 ± 0.9 e,f 0.28 ± 0.0 a

1 40.0 ± 0.0 a 52.8 ± 0.6 b 64.6 ± 0.0 b,c,d 0.60 ± 0.0 b

4 40.7 ± 0.3 a 52.8 ± 0.6 b 64.6 ± 0.7 b,c,d 1.11 ± 0.1 d

0.010 0 40.18 ± 0.1 a 48.7 ± 0.1 a 68.4 ± 0.3 f 0.37 ± 0.0 a

1 40.0 ± 0.0 a 52.7 ± 0.2 b 61.0 ± 0.8 a 0.40 ± 0.1 a

4 40.47 ± 0.1 a 51.4 ± 2.1 b 64.6 ± 0.6 b,c,d 1.02 ± 0.1 d

0.015 0 40.0 ± 0.0 a 48.5 ± 1.2 a 67.6 ± 2.4 d,e,f 0.25 ± 0.0 a

1 40.0 ± 0.0 a 53.0 ± 0.5 b 63.8 ± 0.7 a,b,c 0.36 ± 0.1 a

4 40.79 ± 0.7 a 52.7 ± 0.8 b 63.5 ± 0.0 a,b 0.73 ± 0.0 b,c

* Results are expressed as the mean ± standard deviation. Values with the same letter within the same column are
not significantly different (p < 0.05), according to Duncan’s multiple range test.

The firmness of the control rice bread before refrigerated storage was 4.6 N and that of the
bread with the added enzyme was slightly less (2.3–3.9 N) (Figure 4). With the increasing amount
of enzyme, the firmness of the bread decreased. With the increasing storage period, the firmness
increased. The difference between the control and the enzyme addition group was more significant on
day four. The firmness of bread after refrigerated storage increased from 4.6 to 50.5 N for the control
group, from 3.9 to 16.2 N for the 0.005% enzyme group, from 2.6 to 9.1 N for the 0.010% enzyme group,
and from 2.3 to 9.1 N for the 0.015% enzyme group. As the amount of enzyme increased, the extent of
the increase in firmness during storage significantly decreased (p < 0.05), demonstrating the effective
anti-staling impact of the enzyme. The reaction of maltogenic amylase is known to hydrolyze starch in
the batter during mixing and baking and reduce the size of amylose and amylopectin. Shorter amylose
and amylopectin cannot rearrange easily, resulting in retardation of starch retrogradation [25].

The moisture content of the rice bread during refrigerated storage was 51.1–49.2% (Figure 4),
which was the most favorable condition for starch retrogradation [26]. During storage, it showed a
slight change on the fourth day for all samples, indicating the excellent packaging of the bread during
storage. The bread with the enzyme showed less of an increase in firmness than the control bread,
demonstrating the anti-staling effect of the enzyme during storage.

The enthalpy of starch retrogradation of bread with and without the enzyme during storage,
measured by DSC, was compared (Table 4). As the storage period increased, the peak of the control
bread in the DSC thermogram increased significantly; however, that of the bread with the enzyme did
not increase dramatically. Moreover, as the amount of enzyme increased, the increase in peak size
during storage decreased. The enthalpy of starch retrogradation of bread increased with an increase in
the storage period. The control bread showed the highest increase in enthalpy, whereas that with the
enzyme showed a less significant increase in enthalpy. The extent of the increase in enthalpy decreased
as the amount of added enzyme increased. The retrogradation enthalpy on the fourth day of storage
was 1.43, 1.11, 1.02, and 0.73 J/g for the control bread and 0.005, 0.010, and 0.015% enzyme added bread,
respectively. α-Amylase hydrolyzes starch while increasing sugars, which can be fermented by the
yeast. The enzyme reaction increases the bread volume, improves the color and flavor of the bread crust,
and extends the shelf life by retarding staling [27]. In this study, the addition of the enzyme inhibited
the increase in firmness of gluten-free rice bread during storage, indicating the excellent anti-staling
effect. This finding suggests its potential for successful application in commercially manufactured
rice bread.
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4. Conclusions

A factorial analysis was used to identify and optimize significant factors in the formulation and
processing conditions of rice bread with tamarind gum. Four factors—gum concentration, water
amount, mixing time, and fermentation time—were selected and two levels for each factor were set,
making a total of 17 conditions, including the center point. Although WA and FT significantly affected
the quality of gluten-free rice bread, GC and MT did not. Overall, the WA and FT were identified as
the significant factors in the production of gluten-free rice bread. Therefore, proper control over WA
and FT can maximize the bread volume and minimize the firmness of the bread. Among the various
experimental conditions, 1% tamarind gum, 100 g of water, 5 min of mixing, and 60 min of fermentation
were determined to be the optimal conditions. The addition of the anti-staling enzyme was effective in
retarding the increase in retrogradation enthalpy and bread firmness. Using an optimized formula
and processing factors for gluten-free rice bread with the combined addition of tamarind gum and an
anti-staling enzyme can be applied successfully in commercially manufactured gluten-free rice bread.
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Abstract: Red kidney bean (RKB) flour is a nutrient-rich ingredient with potential use in bakery
products. The objective of this study was to investigate the viscoelastic properties and key quality
parameters of a functional RKB flour in gluten-free cupcakes with different rice flour levels. A 10 g
model batter was developed for analyzing the viscoelastic properties of RKB with rice incorporation,
in a formula containing oil, liquid eggs, and water. Rice flour was added at five levels 0%, 5%, 10%,
15%, and 25% (w/w, g rice flour/100 g RKB flour). Rice flour increased RKB batter consistency, solid-
and liquid-like viscoelastic behavior and revealed a heterogeneous structure, based on the sweep
frequency test. Rice flour at the 25% level increased the shear modulus and activation energy of
gelatinization, compared to 0% rice flour addition. Rice flour levels in the RKB batter decreased the
inflection gelation temperature from 63 to 56 ◦C. In addition, the texture of RKB cupcakes with 25%
rice flour were 46% softer, compared to the control. The scores from all sensory attributes of cupcakes
increased with the addition of rice flour. Rice flour addition improved solid- and liquid-like behavior
of the RKB batter and improved the cupcake’s macro-structural characteristics. Overall, 25% rice
flour addition performed better than the lower levels. This study confirmed the potential of RKB as a
functional ingredient and its improvement in cupcake application with the addition of rice flour.

Keywords: dynamic oscillatory shear test; non-isothermal kinetic modeling; gluten-free cupcake; red
kidney bean

1. Introduction

Red kidney bean (Phaseolus vulgaris L.) is a good source of vegetable protein, insoluble and
soluble fiber, and is overall a nutrient-rich food ingredient with a great potential for different food
applications [1]. Thermal properties, water and oil retention as well as the emulsifying properties of
flour of red kidney bean have been reported. Processing including vacuuming and soaking decrease
the beany flavor profile of the RKB flour. [2]. However, more studies are needed to fully understand the
rheological and sensory properties of the red kidney bean flour and its potential use in bakery products.

Commonly, gluten-free products are low in nutritional value [3,4], with high carbohydrate,
low fiber, high glycemic index, as well as saturated and hydrogenated fatty acids [4]. An example of
alternative flours and ingredients that increase the protein and bioactive compounds is germinated
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brown rice flour; a 48 h germination time increases the γ-aminobutyric acid (GABA), polyphenols
levels, and antioxidant activity [5]. Unhusked buckwheat flour enhances the fiber content and texture
properties of gluten-free bread [6]. However, the use of this ingredient is limited due to its high
insoluble fiber from husk, which affects the sensory properties of bread [6]. Rice and tapioca flours
are widely used as the main ingredients in gluten-free bakery products due to their neutral color and
flavor [7,8].

There is an increased interest in using pulses in food ingredients, including FAO declaring 2016
as the International Year of Pulses with the goal of encouraging researchers around the world to
investigate more applications of pulses. Pea and chickpea flours have been proposed as alternative flour
ingredients in the formulation of gluten-free products [9]. Protein isolates from kidney bean, field pea,
and amaranth incorporated in rice-based gluten-free muffins increased the batter viscoelasticity and
improved the specific volume and texture [9]. Two types of cowpea protein isolate used in rice flour
muffins affected the gluten-free muffin volume differently [10]. The incorporation of the white cowpea
protein isolate improved the volume of gluten-free muffin while red cowpea protein isolate decreased
the volume [10]. Studies on a mechanistic model to provide a better understanding of baking was
addressed by other researchers, including heat and mass transfer during baking and a model for baking
of leavened aerated food [11–13]. It was proposed that bubble growth during heating showed a lag
time before the exponential growth phase, which is related to an expanded inner region of more or
less uniform density. The study of rheometric non-isothermal gelatinization kinetics also proposed to
model an alteration of gluten-free muffin batter and found that zero-order reaction kinetics can be used
to explain batter gelatinization [14]. To the best of our knowledge, the use of the whole red kidney bean
flour in gluten-free cupcakes with rice flour has not been investigated. Therefore, the aim of this work
was to examine the effect of rice flour on gluten-free RKB batter rheological properties and cupcake
quality properties, as well as the interrogation of possible correlations between these properties.

2. Materials and Methods

2.1. Flour Preparation

Red kidney beans and rice flour were purchased in a local market in Chiang Mai, Thailand. Red
kidney beans (RKB) were rinsed, boiled in water for 20 min, strained, and dried for 4 h at 80 ◦C using a
convection oven. These conditions were selected from Chompoorat et al. (2018) [15]. The resulting
beans were ground into flour with a hammer mill (W.J. Fit Company, Chicago, IL, USA) to a particle
size less than 250 μm (stainless steel sieve # 60, W.S. Tyler Co., Mentor, OH, USA). The RKB flour
was stored in polyethylene bags at 4 ◦C, until needed. RKB flour had 20.5% protein and 14.7% fiber,
as previously reported [15]; while, rice flour had 80% carbohydrate, 3.5% protein, and 0.89% fat,
according to USDA [16].

2.2. Cupcake Preparation

Gluten-free RKB cupcakes were prepared with ingredients purchased from a local market and
RKB flour produced in the laboratory. The cupcake formula expressed as a weight percent of RKB flour
base (100%) contained granulated white sugar (65%), baking powder (1.9%), baking soda (1.1%), cocoa
powder (10%), salt (1%), guar gum (0.5%), vegetable oil (37%), egg (65%), water (150%), and vanilla
extract (3%). Commercial rice flour was added at 0%, 5%, 10%, 15%, and 25% based on RKB flour.
The control sample contained 100% RKB flour.

The cupcakes were prepared by mixing all dry ingredients (KitchenAid, St. Joseph, MI, USA) for
1 min at the lowest speed (setting# 1), using a paddle attachment. Wet ingredients (vegetable oil, egg,
water, and vanilla) were added, mixed for 2 min at low speed (setting #1), followed by 5 min at high
speed (setting # 6). Cupcake batter aliquots (40 g) were placed into paper-lined molds and baked in a
convection oven at 195 ◦C for 20 min. The cupcakes were removed from the mold, allowed to cool for
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60 min at room temperature, and immediately transferred for analysis of firmness inside a cupcake
cardboard box.

2.3. Batter Consistency

Batter aliquot (100 g) was used for consistency measurements with a Bostwick consistometer (CSC
Scientific Company, Inc., Fairfax, VA, USA), following manufacturer’s directions. The cupcake batter
was transferred to the consistometer chamber, the gate was released, and the batter flow rate (cm per
min) was recorded. Batter flow rate was inversely proportional to consistency. Measurements were
made in three replicates per treatment.

2.4. Fundamental Viscoelastic Properties of Batter

2.4.1. Dynamic Oscillatory Test

A model batter sample was prepared containing all the ingredients listed in Section 2.2, scaled
down to 10 g total. A model batter was freshly prepared for each replicate. The model batter was
mixed for 5 min at 100 rpm, using a modified 10-g bowl rotary pin mixer (National Manufacturing,
Lincoln, NE, USA). An oscillatory frequency sweep test was based on Hesso et al. (2015) with
modifications [17]. An AR-1000N rheometer (TA Instruments, New Castle, DE, USA) was used with a
25-mm plate geometry (cross-hatched to minimize slippage) and a gap of 1 mm at 25 ◦C. During the
test, the plate geometry and batter sample area was covered with a trap to prevent drying or moisture
loss. The sample was allowed to recover for 1 min before starting the test. Test conditions included 0.1
to 10 Hz at 0.5% strain, within the linear viscoelastic region. G′ (storage modulus), G” (loss modulus),
and tan delta (δ) were determined by this dynamic oscillatory measurement. Analyses were performed
in three independent samples.

2.4.2. Temperature-Ramp Test

A non-isothermal method was applied to study gelation of the batter [18–20]. Model batter
samples were prepared, as described in Section 2.4.1. Non-isothermal heating of a small amplitude
oscillatory shear test (temperature ramp) was measured with an AR-1000N rheometer (TA Instruments,
New Castle, DE, USA). A recovering period of 1 min was used before starting the test. Test conditions
included a temperature range of 25 to 90 ◦C, at a heating rate of 5 ◦C per min, with a constant
frequency at 1 Hz and 0.5% strain within the linear viscoelastic region, in which the stress was directly
proportional to strain. Analyses were done in three independent samples. Parameters recorded were
G′ (elastic modulus, Pa), the stored energy in each batter sample or recoverable cycle of deformation
and G” (viscous modulus, Pa), the loss energy in each batter sample or viscous dissipation per cycle
of deformation. Complex shear modulus (G*) was calculated (Equation 1, where i represented an
imaginary unit) to record the overall resistance to flow and deformation of the samples. G* is a useful
property as it is a direct measure of the rigidity of soft solid structure of a material, when exposed to
stresses below the yield stress [20,21]. High value of G*, means more solid structure or more resistance
to deformation of the samples.

G* =G′ + iG′ (1)

The kinetic parameters of the model (Equation (2)) were obtained by numerical methods, according
to Alvarez et al. (2017); it was performed with the numerical derivative of the elastic moduli with
respect to time. Where T0 temperature (K) at the minimum value of dG′/dt, a, b, and c are the constants
of the model, and c can be used to calculate the Ea (kJ.mol−1) activation energy (Equation (3)), where R
is 8.314 J mol−1 K−1 (the universal gas constant). Activation energy (Ea) revealed the energy required
for gelatinization [14].

dG′
dt

= a + be−c( 1
T− 1

T0
) (2)

Ea = cR (3)
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2.5. Firmness of Red-Kidney-Bean–Rice Cupcakes

Cupcake firmness is among the key texture parameters that influence consumer sensory perception
and acceptance. After the cupcake samples were cooled to ambient temperature (25 ◦C), firmness was
measured using a TA-XT2 Texture Analyzer (Texture Technologies Corp., Hamilton, MA, USA/Stable
Micro Systems, Godalming, Surrey, UK). Analysis was performed following the Approved Method
outlined by the American Association of Cereal Chemists (AACC 74-10.02) for bread, using a
25-mm diameter cylindrical probe and 40% compression. Cupcake firmness was performed with 12
independent replicates per sample.

2.6. Sensory Evaluation of Red-Kidney-Bean–Rice Cupcakes

Organoleptic properties of red kidney bean-rice cupcakes were evaluated with a 9-point hedonic
scale ranging from ‘dislike extremely’ (1) to ‘like extremely’ (9). Cupcakes were tested after being
cooled for 60 min. The samples labeled with random 3-digit codes were scored by twenty untrained
panelists, students of the Postharvest Technology at Maejo University, Thailand. The sensory attributes
included flavor, taste, texture, and overall quality.

2.7. Statistical Analysis

Results are expressed as mean values ± standard deviation of the minimum three independent
analyses, unless otherwise described, such as cupcake firmness (n = 12) and sensory evaluation (n = 20).
Mean comparison for significant differences of each treatment was tested by Duncan’s New Multiple
Range, using the SAS program (Version 9.1 SAS Institute Inc., Cary, NC, USA). Correlations of the rice
flour level effect on batter and cupcake properties were estimated with Principal Component Analysis
(PCA) by Canoco for the Windows 5 software (Centre for Biometry, Wageningen, The Netherlands).

3. Results and Discussion

3.1. Effect of Rice Flour Addition on Red Kidney Bean Batter Consistency

Consistency was estimated with a 100 g-aliquot of full formula batter by measuring the flow rate
in a consistometer, as used in the industry for quality control. The test was simple, fast, and provided
enough information for consistency standardization. The levels of rice flour significantly decreased
the flow rate (increased consistency) of gluten-free RKB cupcake batter, starting at 10% rice flour
addition (Table 1). Rice flour addition of 10%, 15%, and 25% significantly decreased the flow rate of
the gluten-free cupcake batter by 4%, 12%, and 20%, respectively, compared to the control sample.
Data fitted a second-degree polynomial (y = −0.0022x2−0.0659x + 14.163, R2 = 0.955) reflecting negative
slopes starting at 10% rice level. Increased consistency of the batter matrix could be explained in
part by the increase in air entrainment forming air bubbles, which increase the elastic character of
the batter [22]. This might have been favored by rice flour properties and specifically of rice starch.
We speculated that the continuous viscous phase of batter containing rice flour has more organized
hydrogen bonds with water molecules, resulting in increased consistency, as observed by a decreased
flow rate. A study of rice flour and starch showed that water-binding capacity of rice flour was higher
than rice starch, which were 128% and 100%, respectively [23]. The value of rice was within the range
of red kidney bean flour, with 125% water absorption [24]. Starch damage in the rice flour might also
have contributed to an increased water-holding capacity [25,26]. The results agreed with reports of a
flow rate study of rice flour and wheat flour, which proposed that a decrease in flow rate in batter was
due in part to the rate of flour water absorption [27,28]. Previous studies have showed that amylose
content is negatively correlated with water absorption, swelling power, and damaged starch [29–31].
Rice flour has amylose content approximately 15% lower than red kidney bean flour [32,33]. Thus, this
low amylose content of rice flour could impact the consistency of batter.
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Table 1. Batter and cupcake characteristics of gluten-free red kidney bean flour with rice flour addition a,b.

Rice Flour Level c

(%)

Batter Characteristics Cupcake Characteristic

Consistency T0 Ea Firmness
(cm/min) (◦C) (kJ mol−1) (g)

0 14.3 ± 0.3 a 63.0 ± 2.5 a 165 ± 3 b 2970 ± 5 a

5 14.0 ± 0.1 a 60.2 ± 2.3 b 191 ± 2 a,b 2767 ± 4 a

10 13.2 ± 0.3 b 56.8 ± 2.5 c 177 ± 2 b 1709 ± 3 b

15 12.3 ± 0.3 c 56.7 ± 2.3 c 206 ± 4 a,b 1871 ± 3 b

25 11.2 ± 0.3 d 56.0 ± 2.5 c 237 ± 2 a 1619 ± 3 b

a Consistency (flow rate), Temperature ramp test: T0, inflection temperature of gelation and Ea, activation energy of
the batter measured as flow rate. Firmness, cake texture. b Mean values (n = 3 ± SD) followed by a different letter
within a column are significantly different, Duncan test (p < 0.05). c Rice flour addition to red kidney bean flour.

3.2. Effect of Rice Flour Addition on Red Kidney Bean Batter Viscoelastic Properties

3.2.1. Frequency Sweep Test of Batter

G′ (storage modulus) and G” (loss modulus) increased as the levels of rice flour increased in the
frequency range of 0.1 to 10 Hz (Figure 1). Elastic behavior dominated in all gluten-free RKB cupcake
batter samples (G′ > G”). Cake batter is considered a wet foam with contributions to its bulk rheology
from the continuous viscous phase and the discontinuous bubble phase (elastic effect) introduced
during mixing and the production of gas from leavening agents [22]. At 1 Hz and 0.5% strain, tan δ

of the batter with 25% rice addition decreased by 18%, compared to the control (data not shown),
suggesting that the solid character (stiffness) of the batter increased by 18%. From Figure 1, a 2.3 fold
increase in the solid-like behavior (G′) of the batter (22.4 Pa for control up to 50.7 Pa for 25% rice flour)
was higher than the 1.3 fold increase of the liquid-like behavior (G”) (17.6 Pa for control and up to
22.1 Pa for 25% rice flour) (Figure 1). Adequate viscosity is a factor contributing to the containment
of the bubbles. Structural visualization studies are needed to identify the distribution of the starch
(specifically the separation of small and large starch granules), proteins, and fat, as well as the size of
the bubbles in the batter. Hesso et al. (2015) reported that air incorporation increased with an increase
in batter viscosity [17]. It is also postulated that the rice starch might align in the interphase of oil in
the batter [23]. The results are in overall support of the increase in consistency of the full formula
batter described in Section 3.1, as it decreased the flow rate after rice addition. In agreement to this
study, a report of rice-based gluten-free batter for muffins with different levels of cowpea protein
isolates found that the elastic behavior increased more than the viscous behavior [25]. In our study,
enhanced viscoelasticity of the RKB gluten-free batter with increased levels of rice flour suggested the
formation of composite matrix structures with enhanced water-binding capacity, as mentioned earlier
(Section 3.1). We speculated that a decrease in free water availability for other ingredients, mainly
protein and fiber that form more disorganized structures, would result in a more organized matrix.
The levels of rice flour in the RKB batter system improved the gel rigidity and the network of RKB
batter [7]. In addition, the results showed a solid-like behavior (G′) for the batter; when the rice flour
content varied from 5% to 15%, the rice flour showed a similar behavior.

Figure 2 depicted the log–log plots of G′ and G” that were used to evaluate if the elastic and
storage moduli followed a power law relationship in the RKB batter samples, with different rice flour
levels. If the response was linear, then the relationship followed a power law, suggesting that a constant
increase of G′ led to a constant increase in G”. The same plot, known as the Han plot, was used to
determine the compatibility of polymer blends [34,35]. Overall, the separation of the curve containing
25% rice flour from the control RKB flour was observed as a shift to higher elasticity (G’), compared
to the control (p = 0.05) (Figure 2). The tracings of 0% to 15% rice converged, suggesting that they
are compatible. At the terminal area, all the curves merge (0% to 25% rice flour), suggesting that at a
higher frequency, the lines would have similar correlation. [35]. The 25% rice flour curve separates
by shifting to a rise in elasticity compared from the other rice levels, suggesting the formation of
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more heterogeneous structures compared to the other samples, through the polymers present in the
flours [36,37]. The increased values for G′ with G′ in 25% rice flour compared to other levels might
be a contribution of the multiple structures, where less protein and fiber from the RKB flour and
overall more starch from the rice flour formed a new continuous network with a higher organization
(lower enthalpy), as compared to the control RKB flour and other rice levels. Our previous study
of RKB batter with different heat-moisture treatments showed that the high temperature altered the
viscoelastic properties of the RKB batter; however, their structures were homogenous [15]. Thus,
Figure 2 confirmed the heterogeneous nature of the RKB batter containing rice flour.

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

Figure 2. Log–log plot of G′ as a function of G” of red kidney bean gluten-free batter with different rice
flour levels.

3.2.2. Temperature Ramp Test of Batter

The viscoelastic properties of the RKB batter with and without rice during heating from 25 ◦C
to 90 ◦C with constant values of frequency and strain indicated that the complex shear modulus (G*)
increased as the tan δ decreased (Figure 3). The almost linear response of the complex shear modulus
changed to an upward curve after the gelation onset, indicating an increase in gel rigidity during
heating, which reached up to a 94% increase (at 90 ◦C) with 25% rice flour, compared to the starting
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temperature of 25 ◦C. RKB batter with different rice flour levels showed overall similar rising gel
rigidity (G*) trends after 50 ◦C (Figure 3) suggesting similar viscoelastic patterns, during gelatinization.

Figure 3. Complex modulus G* (left axis) and tan (δ) (right axis) as a function of the temperature of the
red kidney bean gluten-free batter with different rice flour levels. Filled symbols, complex modulus G*;
and open symbols tan δ.

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

Activation energy (Ea) was used as an indication of the energy used for the critical gel rigidity
during gelatinization, while the inflection temperature (T0) was used for the point at which the batter
viscoelasticity increased at the initial stage of gel point. T0 is normally associated with batter density
and level of gelatinization [14]. Initiation of gelatinization in all RKB batter samples was in the range
of 56 to 63 ◦C (Table 1). These observations agreed with literature reports where onset temperature
variation during starch gelatinization from four kidney bean cultivars was in the range of 61.4–66.9 ◦C,
while the onset temperature for rice starch gelatinization was 61 ◦C, measured by differential scanning
calorimetry (DSC) [38,39]. Reported gelatinization range (70 to 85 ◦C) for basmati rice starch measured
by an increase in G′ was higher than the values of our study [39]. Increase in rice flour content
decreased the RKB batter inflection gelation temperature (T0) from 63 to 56 ◦C, with no significant
(p = 0.05) change in the activation energy (Ea). Significant difference (p = 0.05) in activation energy
was observed only between the control RKB flour and 25% rice addition, where a 44% increase was
needed to reach the critical gel rigidity (Table 1). Activation energy is related to phase transitions
during gelatinization of starch, glass transition of starch granules in the amorphous region, and melting
transition in the crystalline region [39]. Thus, the addition of rice flour induced gelation at lower
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temperatures and the process required a higher activation energy, only when rice flour was added
at 25% (p < 0.05). This could be partially explained by the smaller starch granule size of rice flour
(3–8 μm), compared to the kidney bean starch (16–60 μm), increase in overall starch content in the
system, and RKB flour protein reduction [32,33]. Literature reports for rice and kidney bean flour
gelatinization enthalpy, individually, are in a similar range 7.5–15.6 J/g for rice flour and 10.8–15.4 J/g
for kidney bean flour, respectively [40,41]. Activation energy (Ea) from this non-isothermal heating of
small amplitude oscillatory shear test could be useful to indicate the changes during gelatinization.

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

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

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

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

Table 2. Sensory properties for red-kidney-bean–rice cupcakes a,b.

Rice Flour Level (%) b Flavor Taste Texture Overall Quality

0 6.1 ± 0.1 b 6.2 ± 0.2 b 6.2 ± 0.5 b 6.1 ± 0.1 b

5 6.2 ± 0.2 b 6.3 ± 0.1 b 6.1 ± 0.2 b 6.0 ± 0.2 b

10 7.1 ± 0.3 a 7.2 ± 0.2 a 6.2 ± 0.1 b 6.1 ± 0.1 b

15 7.3 ± 0.4 a 7.1 ± 0.0 a 6.1 ± 0.2 b 7.1 ± 0.1 a

25 7.1 ± 0.3 a 7.1 ± 0.2 a 7.1 ± 0.1 a 7.2 ± 0.2 a

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

Total explained variance from all variables was 92.4% (Figure 4). Principal component 1 (PC1)
had the majority of explained variance (80.3%), while the contribution of principal component 2 (PC2)
was only 12.1% (Figure 4). The main contributors of PC1 (first coordinate axis) were batter complex
shear modulus, activation energy of gelatinization, and tan δ. The main contributor to PC2 was the
sample with 10% rice addition—situated almost at the top, at 90 degrees, at the center of the graph.
However, only one parameter (G” viscous behavior) moved slightly to the horizontal PC2, meaning it
had some variations explained by it. The fact that 10% rice addition was almost in a direction opposite
to the viscous behavior also suggest that it was inversely correlated to 10% rice addition. However, as
the contribution to the variance was low—only 12.1%—compared to 80.3% contribution to the variance
of PC1, it was better to highlight the contributions of PC1. Notice how all parameters were along
PC1. The vectors aligned in opposite direction revealed negative correlation, while the vectors in the
same direction were positively correlated. The results from the loading plot (Figure 4) revealed that
cupcake firmness was positively correlated with batter consistency, tan δ (TanDelta in the graph) and
inflection temperature (T0) of gelation, and the treatments associated with those parameters were 0%
and 5% rice levels. Complex modulus G*, solid (G′) and viscous (G”) moduli were positively correlated
with the activation energy (Ea) of gelatinization and the highest rice flour level (25%), which was the
farthest away from the center of the graph. Rice flour addition to RKB flour was negatively correlated
to cupcake firmness. These results confirmed that the most variation was observed at the highest rice
level (25%). This study also revealed that the gelation of the batter and its consistency were good
indicators of quality control for gluten-free RKB–rice flour cupcakes.

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

73



Foods 2020, 9, 616

4. Conclusions

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

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

1. Introduction

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

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

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

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

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

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

2. Materials and Methods

2.1. Raw Materials and Formulated Flours

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

2.2. Extrusion Process

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

2.3. Analysis of Bioactive Compounds

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

2.3.1. Soluble Sugars and α-Galactosides

Sugars were extracted and then analysed with a HPLC system coupled to a refractive index
detector (Beckman System Gold Instrument, Los Angeles, CA, USA) following the method described
by Pedrosa, et al. [18]. A total of 20 μL of each sample was injected in a spherisorb-5-NH2 column
(250 × 4.6 mm i.d., Waters, Milford, MA, USA) equilibrated with acetonitrile/water (60:40, v/v)
at a flow rate of 1 mL/min. Each individual sugar was identified and quantified by using the
corresponding calibration curves from external standards (Sigma, St. Louis, MO, USA). Ciceritol
was obtained from Dr. A. I. Piotrowicz-Cieslak (Olsztyn-Kortowo, Poland). A linear response was
observed in the range (0–4 mg/mL), with a correlation coefficient of 0.99. The curves obtained were:
Sucrose (y = 0.193x − 0.001), galactinol (y = 0.227x − 0.014), raffinose (y = 0.193x + 0.003), ciceritol
(y = 0.295x + 0.030), and stachyose (y = 0.217x − 0.008). Original HPLC chromatograms of sugars and
galactosides of all the analysed samples are presented in supplementary Figure S3.

2.3.2. Inositol Phosphates

Individual inositol phosphates (IP3–IP6) were extracted and determined by HPLC and refractive
index detection according to Burbano, et al. [19]. A total of 10 μL of Aliquots were injected on a PRP-1
column (150 × 4.1 mm i.d., 5 μm, Hamilton, Reno, Nevada, USA), and was maintained at 45 ◦C.
The mobile phase was a mixture of methanol/water (52/48, v/v) with 0.8% of tetrabutyl ammonium
hydroxide (40% in water, Sigma, St. Louis, MO, USA), 0.05% of 91% formic acid (Sigma, St. Louis,
MO, USA), 100 μL of a phytic acid hydrolysate (6 mg/mL), and the pH was adjusted to 4.3 with 5 M of
sulphuric acid. The flow rate was 1 mL/min. The quantification was developed by using a calibration
curve obtained from sodium phytate (0–5 mg/g, y = 0.144x + 0.016, R2 = 0.99) (Sigma, St. Louis,
MO, USA). Original HPLC chromatograms of IP3-IP6 of all the analysed samples are presented in
supplementary Figure S4.

2.3.3. Protease Inhibitors

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

2.3.4. Lectins

The lectin content in the raw materials was determined using a haemagglutination assay
with trypsin-treated rat blood cells (Wistar rats, Animal-housing unit of Complutense University,
Madrid, Spain). To quantify the P. vulgaris lectin (PHA) in raw bean- and bean-containing formulations,
a competitive indirect ELISA assay was carried out according to Pedrosa, Cuadrado, Burbano, Muzquiz,
Cabellos, Olmedilla-Alonso, and Asensio-Vegas [20]. One haemagglutination unit (HU) was defined
as the amount of material (mg) causing 50% agglutinated erythrocytes. The values were expressed as
HU/kg flour for the haemagglutination assay, and as a % PHA for the ELISA assay. In each ELISA assay,
two bean cultivars (Procesor and Pinto) were included as positive and negative controls, respectively.
The calibration curve of a standard PHA (0–500 ng/mL) used for quantification of bean lectins was
y = −0.4311Ln(x) + 2.711 (R2 = 0.98).

2.3.5. Phenolic Compounds

Phenolic compounds were extracted twice using a mixture of methanol-HCl (1000/1)/water
(80:20, v/v) at room temperature for 16 h [23]. A total of 1 mL of the combined extracts was mixed
with 1.5 mL of a solution of 2% HCl in ethanol/water (80/20, v/v). These solutions were utilised for the
quantification of anthocyanins, flavonoles, tartaric esters, and total phenols by a spectrophotometric
method (Beckman DU-640, Los Angeles, CA, USA) that monitored the absorbance at 520, 360,
320, and 280 nm, respectively [24]. The extracts were also utilised for the determination of the
antioxidant activity by using the ORAC method [25]. Calibration curves obtained from commercial
cyanidin-3-glucoside (C3Glc) (0–20 μg/mL; y = 0.060x + 0.060; R2 = 0.99) (Extrasynthèse, Germay,
France), quercetin (Q) (0–80 μg/mL; y = 0.059x + 0.083; R2 = 0.99), caffeic acid (CA) (0–30 μg/mL
y = 0.095x + 0.009; R2 = 0.99), and catechin (C) (0–200 μg/mL y = 0.012x + 0.005; R2 = 0.99) (Aldrich,
Munich, Germany) were utilised to quantify anthocyanins, flavonols, tartaric esters, and total phenols,
respectively, according to Oomah, et al. [24].

2.4. Sensory Evaluation

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

2.5. Statistical Analysis

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

80



Foods 2019, 8, 381

their reliability and to obtain meaningful interpretations of the results (Supplementary Materials). All
the statistical analyses were developed using Statgraphics Centurion XVII.II software (Graphics
Software System, Rockville, MD, USA).

3. Results and Discussion

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

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

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

Sample Sucrose Galactinol Raffinose Ciceritol Stachyose
Total

α-Galactosides

Bean 30.00 ± 0.95 e,f,g 2.29 ± 0.05 a,b 5.92 ± 0.09 c 0.34 ± 0.01 a 26.85 ± 0.25 g 32.77± 0.25 g

Carob fruit 150.46 ± 10.04 h n.d. * 5.84 ± 0.02 c n.d. n.d. 5.84 ± 0.02 a

Rice 2.98 ± 0.15 a n.d. n.d. n.d. n.d. n.d.
NE-20.0 ** 8.65 ± 0.15 a,b,A 2.53 ± 0.10 a,b,c,A 2.84 ± 0.13 a,A 0.78 ± 0.04 b,A 8.55 ± 0.40 a,A 11.39 ± 0.55 b,A

NE-20.5 16.85 ± 0.29 c,d,A 2.97 ± 0.06 b,c,d,e,A 3.08 ± 0.03 a,A 0.90 ± 0.02 b,c,A 7.59 ± 0.17 a,A 10.67 ± 0.15 b,A

NE-20.10 29.91 ± 0.96 g,h,A 3.30 ± 0.07 c,d,e,A 3.14 ± 0.04 a,A 0.94 ± 0.03 b,c,d,A 8.61 ± 0.40 a,A 11.76 ± 0.45 b,A

NE-40.0 12.44 ± 0.15 c,A 3.58 ± 0.03 d,e,A 3.87 ± 0.04 b,A 1.14 ± 0.05 c,d,e,A 11.82 ± 0.23 c,A 15.69 ± 0.25 c,A

NE-40.5 22.83 ± 0.73 d,e,f,A 3.11 ± 0.13 b,c,d,e,A 3.97 ± 0.08 b,A 1.19 ± 0.05 d,e,A 13.37 ± 0.40 d,A 17.34 ± 0.49 d,A

NE-40.10 30.06 ± 0.41 h,A 1.87 ± 0.09 a,A 3.89 ± 0.09 b,A 1.25 ± 0.04 e,A 12.37 ± 0.28 c,d,A 16.26 ± 0.48 c,d,A

Ex-20.0 10.27 ± 0.08 a,b,A 2.84 ± 0.11 b,c,d,A 9.46 ± 0.35 e,B 5.44 ± 0.07 f,B 10.30 ± 0.43 b,B 19.76 ± 0.78 e,B

Ex-20.5 22.10 ± 0.19 d,e,B 10.27 ± 0.34 h,B 7.60 ± 0.27 d,B 5.64 ± 0.15 f,B 11.51 ± 0.50 c,B 19.10 ± 0.81 e,B

Ex-20.10 34.62 ± 0.10 e,f,g,A 9.71 ± 0.44 h,B 8.12 ± 0.26 d,B 5.42 ± 0.07 f,B 13.36 ± 0.07 d,B 21.48 ± 0.33 f,B

Ex-40.0 17.84 ± 0.16 c,d,A 3.81 ± 0.10 e,A 12.21 ± 0.24 f,B 8.92 ± 0.07 h,B 20.91 ± 0.13 e,B 33.13 ± 0.50 g,h,B

Ex-40.5 31.64 ± 0.05 f,g,A 5.31 ± 0.25 f,B 12.16 ± 0.15 f,B 8.93 ± 0.13 h,B 22.14 ± 0.20 f,B 34.30 ± 0.28 h,B

Ex-40.10 41.60 ± 0.07 e,f,g,B 7.31 ± 0.33 g,B 12.05 ± 0.34 f,B 8.41 ± 0.01 g,B 20.98 ± 0.20 e,f,B 33.03 ± 0.14 g,h,B

Commercial
extruded rice

71.40 ± 1.31 g n.d. n.d. n.d. n.d. n.d.

p value <0.0001 <0.001 <0.0001 <0.001 <0.0001 <0.001

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

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

The addition of whole carob fruit and bean flour had a positive impact on the phytochemical
composition of non-extruded (NE-) mixtures. The higher legume percentage produced more
α-galactosides (Table 1) and inositol phosphates (Table 2) content in the NE-blends, with stachyose and
phytic acid (IP6) being the main compounds detected. The amount of sugars in the NE-blends showed,
in general, the following pattern: Sucrose > stachyose > raffinose > galactinol > ciceritol. The total
amount of galactosides, on average, was 11.27 mg/g in the blends with 20% bean and 16.43 mg/g
in the blends with 40% bean. A considerable increase in sucrose (Table 1) and phenolic compounds
(Table 4) content was detected in the NE-samples containing carob fruit flour (NE-20.5, NE-20.10,
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NE-40.5, and NE-40.10) due to the high content of both compounds determined in raw whole carob
fruit. In relation to the protease (trypsin and chymotrypsin) inhibitor content (Table 3), the lowest
activities corresponded to the formulations with 20% bean and the highest values coincided with the
40% blends. The addition of carob fruit flour did not produce significant changes (p > 0.05) in the
protease inhibitor activities analysed. The content of lectin (PHA) in the different NE-formulations,
evaluated by competitive ELISA did not show significant (p > 0.05) differences, ranging from 0.035% to
0.108% PHA. As carob fruit contained higher amounts of phenols than bean and rice, the levels of
the different phenolic compounds in NE-blends increased as a function of increasing the proportion
of carob. The same tendency was found for the ORAC. A positive correlation was observed among
total phenols and ORAC (R2 = 0.58, p < 0.05) and flavonols and ORAC (R2 = 0.59, p < 0.05). Moreover,
the incorporation of carob fruit and bean in the formulation of different rice-based blends had a positive
impact on the bioactive compound content. This was also observed by other authors who added
different legumes (navy bean, kidney bean, small red bean, pea, faba bean, or chickpea) to unprocessed
formulations based on starch or flour from corn or rice [2,11,14,25,27].

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

Sample IP3 IP4 IP5 IP6
Total Inositol
Phosphates

Bean 0.26 ± 0.01 e 0.42 ± 0.01 e 1.39 ± 0.03 g 10.12 ± 0.03 j 12.20 ± 0.04 h

Carob n.d. * 0.15 ± 0.01 b 0.36 ± 0.04 b 0.15 ± 0.01 a 0.66 ± 0.03 a

Rice 0.10 ± 0.01 b,c 0.03 ± 0.03 a 0.22 ± 0.01 a 1.53 ± 0.05 b 1.88 ± 0.03 b

NE-20.0 ** 0.22 ± 0.01 d,e,A 0.24 ± 0.01 c,A 0.53 ± 0.02 c,A 3.32 ± 0.11 e,f,A 4.31 ± 0.12 f,g,A

NE-20.5 0.22 ± 0.01 d,e 0.25 ± 0.01 c,A 0.53 ± 0.01 c,A 3.28 ± 0.12 e,A 4.27 ± 0.10 f,A

NE-20.10 0.22 ± 0.01 d,e 0.27 ± 0.01 c,A 0.57 ± 0.01 c,A 3.88 ± 0.01 h,i,A 4.93 ± 0.02 h,A

NE-40.0 0.22 ± 0.01 d,e,A 0.27 ± 0.01 c,A 0.71 ± 0.01 d,A 4.08 ± 0.06 i,j,A 5.28 ± 0.07 i,A

NE-40.5 0.22 ± 0.01 d,e,A 0.27 ± 0.01 c,A 0.75 ± 0.01 d,A 4.18 ± 0.09 h,A 5.42 ± 0.10 i,A

NE-40.10 0.22 ± 0.01 d,e,A 0.24 ± 0.01 c,A 0.90 ± 0.03 e,A 4.54 ± 0.04 i,A 5.90 ± 0.07 j,A

Ex-20.0 0.05 ± 0.01a,b,B 0.29 ± 0.01 c,A 0.69 ± 0.02 d,B 2.61 ± 0.03 c,B 3.65 ± 0.09 d,B

Ex-20.5 n.d. 0.29 ± 0.01 c,A 0.71 ± 0.02 d,B 2.98 ± 0.11 d,B 3.98 ± 0.14 e,B

Ex-20.10 n.d. 0.27 ± 0.01 c,A 0.74 ± 0.01 d,B 3.56 ± 0.12 f,g,B 4.56 ± 0.16 g,B

Ex-40.0 0.05 ± 0.01 a,b,B 0.37 ± 0.02 d,e,B 1.20 ± 0.05 e,B 3.89 ± 0.03 g,h,B 5.51 ± 0.08 i,A

Ex-40.5 0.05 ± 0.01 a,b,B 0.41 ± 0.01 e,B 1.21 ± 0.06 e,f,B 3.74 ± 0.06 g,h,B 5.41 ± 0.06 i,A

Ex-40.10 0.16 ± 0.01 c,d,A 0.35 ± 0.01 d,B 1.27 ± 0.02 f,B 4.33 ± 0.14 h,i,A 6.11 ± 0.15 j,A

Commercial
extruded rice

0.12 ± 0.01 b,c 0.30 ± 0.01 c 0.75 ± 0.01 d 1.01 ± 0.05 b 2.25 ± 0.03 c

p value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

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

Sample Trypsin Inhibitors Chymotrypsin Inhibitors Lectins

Bean 23.21 ± 0.66 e 7.74 ± 0.28 d 0.297 ± 0.012 C

Carob fruit 0.30 ± 0.02 a n.d. ** n.d.
Rice 0.15 ± 0.01 a n.d. n.d.

NE-20.0 *** 4.10 ± 0.09 b,A 1.97 ± 0.09 a,b,A 0.035 ± 0.002 a

NE-20.5 4.16 ± 0.06 b,A 1.44 ± 0.08 a,A 0.045 ± 0.002 a,b

NE-20.10 5.53 ± 0.20 c,A 1.66 ± 0.08 a,b,A 0.052 ± 0.002 a,b

NE-40.0 7.83 ± 0.11 d,B 5.65 ± 0.17 c,B 0.108 ± 0.005 a,b

NE-40.5 7.73 ± 0.30 d,B 5.93 ± 0.28 c,B 0.103 ± 0.005 b

NE-40.10 7.34 ± 0.29 d,B 5.76 ± 0.25 c,B 0.101 ± 0.005 a,b

Ex-20.0 n.d. n.d. n.d.
Ex-20.5 n.d. n.d. n.d.

Ex-20.10 n.d. n.d. n.d.
Ex-40.0 n.d. n.d. n.d.
Ex-40.5 n.d. n.d. n.d.

Ex-40.10 n.d. n.d. n.d.
Commercial extruded rice 0.09 ± 0.01 a n.d. n.d.

p value <0.0001 <0.0001 <0.0001

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

Table 4. Effect of extrusion on the anthocyanins (μg C3GlcE */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
antioxidant activity (μmoles Trolox/g dry weight) of raw materials, the non-extruded (NE-) and the
extruded (Ex-) flour formulations, and the commercial sample.

Sample Anthocyanins Flavonols Tartaric Esters Total Phenols
Antioxidant

Activity (ORAC)

Bean 36.96 ± 0.24 i 0.08 ± 0.001 c 0.21 ± 0.01 i 2.88 ± 0.02 g 24.33 ± 0.07 i

Carob fruit 18.00 ± 0.15 e 0.75 ± 0.001 b,c 0.72 ± 0.01 b,c 20.73 ± 0.10 i 69.89 ± 1.62 j

Rice 18.70 ± 0.83 f 0.03 ± 0.001 b 0.02 ± 0.001 a 0.90 ± 0.03 a,b 3.80 ± 0.30 a

NE-20.0 ** 10.32 ± 0.07 a 0.02 ± 0.001 a 0.06 ± 0.001 b,A 0.71 ± 0.03 a,A 8.35 ± 0.04 b

NE-20.5 11.00 ± 0.03 a,b,A 0.04 ± 0.001 a,b,c 0.09 ± 0.001 c,d,A 1.38 ± 0.03 c, A 9,66 ± 0.45 c,d,e

NE-20.10 12.42 ± 0.23 a,A 0.07 ± 0.001 b,c 0.11 ± 0.001 e,f,A 2.26 ± 0.01 e,f,A 10.22 ± 0.50 d,e

NE-40.0 15.23 ± 0.24 c 0.03 ± 0.001 a,b,A 0.09 ± 0.001 c,d,A 1.10 ± 0.03 b,A 9.41 ± 0.45 b,c,d

NE-40.5 15.45 ± 0.36 c,d,A 0.06 ± 0.001 a,b,c 0.11 ± 0.001 e,f,A 1.80 ± 0.03 d,A 11.57 ± 0.50 f,g,h

NE-40.10 17.08 ± 0.36 e,A 0.08 ± 0.001 c 0.14 ± 0.001 g,h,A 2.35 ± 0.02 e,f,A 12,36 ± 0.58 h,A

Ex-20.0 12.41 ± 052 b 0.02 ± 0.001 a 0.07 ± 0.001 b,B 0.92 ± 0.03 b,B 8.92 ± 0.38 b,c

Ex-20.5 16.78 ± 0.31 d,e,B 0.05 ± 0.001 a,b,c 0.10± 0.001 d,e,B 2.16 ± 0.01 e,B 9.32 ± 0.42 b,c,d

Ex-20.10 17.13 ± 0.13 e,B 0.08 ± 0.001 b,c 0.14 ± 0.001 g,B 3.25 ± 0.06 h,B 10.29 ± 0.30 d,e

Ex-40.0 18.13 ± 0.32 e 0.08 ± 0.001 c,B 0.08 ± 0.001 b,c,B 1.33 ± 0.04 c,B 10.49 ± 0.49 d,e,f

Ex-40.5 21.19 ± 0.09 f,B 0.06 ± 0.001 a,b,c 0.13 ± 0.001 f,g,B 2.37 ± 0.11 f,B 11.89 ± 0.48 g,h

Ex-40.10 23.30 ± 0.65 g,B 0.08 ± 0.001 c 0.16 ± 0.001 h,B 3.17 ± 0.01 h,B 10.86 ± 0.50 e,f,g,B

Commercial
extruded rice

15.59 ± 0.25 e,f 0.06 ± 0.001 a,b,c 0.14 ± 0.001 g 1.96 ± 0.10 e 8.81 ± 0.18 b,c

p value <0.0001 <0.001 <0.0001 <0.0001 <0.0001

* C3GlcE (cyanidin-3-glucoside equivalents); QE (quercitin equivalents); CAE (caffeic acid equivalents);
and CE ((+) catechin equivalents). Values are mean ± standard error (n = 4); mean values in the same column
followed by a different superscript are significantly (p < 0.05) different; small superscript letters mean differences
between all the samples analysed, whereas capital superscript letters mean differences due to extrusion treatment
for the same formulation. ** Sample codes: 20.0 (20% bean; 0% whole carob fruit); 20.5 (20% bean; 5% whole carob
fruit); 20.10 (20% bean; 10% whole carob fruit); 40.0 (40% bean; 0% whole carob fruit); 40.5 (40% bean; 5% whole
carob fruit); and 40.10 (40% bean; 10% whole carob fruit).
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3.2. Extrusion Cooking Impact on the Bioactive Compounds of Rice-Based Formulations

3.2.1. Soluble Sugars and α-Galactosides

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

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

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

3.2.2. Inositol Phosphates

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

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

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

3.2.3. Protease Inhibitors and Lectins

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

3.2.4. Phenolic Compounds and Antioxidant Activity

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

Regarding the ORAC, the greatest values were found in the extrudates containing 40% bean and
5%–10% carob fruit. The majority of the extruded formulations showed a slight increase (on average
5.4%) in ORAC, albeit, in general, the differences between the ORAC values of each corresponding
pair of NE/Ex-formulations were not significant (p > 0.05). A positive correlation was determined
among anthocyanins, tartaric esters, and ORAC (R2 = 0.63 and 0.58, p < 0.05, respectively). However,
the antioxidant activity is conditioned by the type of compound and its amount in the sample [24].
The increase found in ORAC values after extrusion might also be attributable to the existence of
other food components (e.g., proteins or aromatic compounds) or to the creation of Maillard reaction
products throughout the extrusion that contribute to the antioxidant activity analysed [3,11,27].

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

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

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

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

3.3. Sensory Evaluation of the Extrudates

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

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

Textural attributes, mainly crunchiness and hardness, are largely determined to attest to the
quality and the consumer acceptability of extruded products, such as snacks or breakfast cereals.
The extrudates including carob fruit in their composition showed better textural scores with high
crunchiness and low adhesiveness. Crunchiness results were positively correlated (R2 = 0.55, p < 0.001)
with the presence of carob flour in the formulation.

The colour scores were affected (p < 0.05) by the presence of carob flour. A higher amount of
carob flour caused a lower preferred colour by the panellists. A strong negative correlation between
colour and the presence of carob flour (R2 = −0.77, p = 0.001) was found. This could be related to
the brown colour of the products formulated with carob flour, leading to a slight rejection of these
products. The analysis of the scores of the different aroma and taste parameters tested did not show
any correlation with the amount of legumes in the extrudates and no unpleasant odours or flavours
were detected.

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

4. Conclusions

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

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

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/9/381/s1.
Table S1. Values of the Principal Components (PC1, PC2, and PC3) coefficients for each formulation. Table S2.
Component weight of each bioactive compound in relation to the Principal Components (PC1, PC2, and PC3).
Figure S1. Principal component analysis (PCA) projection of the two first principal components. NE- (non-extruded
formulations). Ex- (extruded formulations). Parameters: Total inositol phosphates (Total IP), sucrose, total
galactosides, trypsin Inhibitors (TIU), chymotrypsin inhibitors (CIU), lectins (PHA), anthocyanins, flavonols,
tartaric esters, total phenols, and ORAC. Figure S2. Principal component analysis (PCA) projection of the first
and third principal components. NE- (non-extruded formulations). Ex- (extruded formulations). Parameters:
Total inositol phosphates (Total IP), sucrose, total galactosides, trypsin Inhibitors (TIU), chymotrypsin inhibitors
(CIU), lectins (PHA), anthocyanins, flavonols, tartaric esters, total phenols, and ORAC. Figure S3. Original HPLC
Chromatograms of sucrose, galactinol, raffinose, ciceritol, and stachyose of the three raw materials, the six
non-extruded (NE-), the six extruded (Ex-) flour formulations, and the extruded commercial sample. Figure S4.
Original HPLC Chromatograms of inositol phosphates (IP3, IP4, IP5, and IP6) of the three raw samples, the six
non-extruded (NE-), the six Extruded (EX-) flour formulations, and the extruded commercial sample.

Author Contributions: M.M.P. conceived and designed research experiments. C.A., B.C., C.C., E.G., and M.M.P.
performed the experiments. C.A., B.C., C.C., E.G., and M.M.P. analysed the data. C.A., B.C., C.C., E.G., and M.M.P.
wrote, reviewed, and edited the paper. The manuscript was critically revised and approved by all authors.

Funding: The Spanish Ministry of Economy and Competitiveness (Project RTA2012-00042-C02) supported this
work. C.A. was supported by a contract (CPR2014-0068) from INIA, and co-financed by the European Regional
Development Fund (FEDER) and the European Social Fund (FSE).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gaesser, G.A.; Angadi, S.S. Gluten-free diet: Imprudent dietary advice for the general population? J. Acad.
Nutr. Diet. 2012, 112, 1330–1333. [CrossRef] [PubMed]

2. Dalbhagat, C.G.; Mahato, D.K.; Mishra, H.N. Effect of extrusion processing on physicochemical, functional
and nutritional characteristics of rice and rice-based products: A review. Trends Food Sci. Technol. 2019, 85,
226–240. [CrossRef]

3. Arribas, C.; Cabellos, B.; Cuadrado, C.; Guillamón, E.; Pedrosa, M. The effect of extrusion on the bioactive
compounds and antioxidant capacity of novel gluten-free expanded products based on carob fruit, pea and
rice blends. Innov. Food Sci. Emerg. Technol. 2019, 52, 100–107. [CrossRef]

4. Muzquiz, M.; Varela, A.; Burbano, C.; Cuadrado, C.; Guillamon, E.; Pedrosa, M.M. Bioactive compounds in
legumes: Pronutritive and antinutritive actions. Implications for nutrition and health. Phytochem. Rev. 2012,
11, 227–244. [CrossRef]

87



Foods 2019, 8, 381

5. Lajolo, F.M.; Genovese, M.I.; Pryme, I.F.; Dale, T.M. Beneficial (antiproliferative) effects of different substances.
In Recent Advances of Research in Antinutritional Factors in Legume Seeds and Oilseeds; Muzquiz, M., Hill, G.D.,
Cuadrado, C., Pedrosa, M.M., Burbano, C., Eds.; EAAP Publication: Toledo, Spain, 2004; pp. 123–137.

6. Singh, B.; Singh, J.P.; Shevkani, K.; Singh, N.; Haur, A. Bioactive constituents in pulses and their health
benefits. J. Food Sci. Technol. 2017, 54, 858–870. [CrossRef] [PubMed]

7. Goulas, V.; Stylos, E.; Chatziathanasiadou, M.V.; Mavromoustakos, T.; Tzakos, A.G. Functional Components
of Carob Fruit: Linking the Chemical and Biological Space. Int. J. Mol. Sci. 2016, 17, 1875. [CrossRef]

8. Nasar-Abbas, S.M.; Huma, Z.-E.; Vu, T.-H.; Khan, M.K.; Esbenshade, H.; Jayasena, V. Carob Kibble:
A Bioactive-Rich Food Ingredient. Compr. Rev. Food Sci. Food Saf. 2016, 15, 63–72. [CrossRef]

9. Bouvier, J.M.; Campanella, O.H. Extrusion Technology and Process Intensification. In Extrusion Processing
Technology; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2014; pp. 465–506.

10. Arribas, C.; Cabellos, B.; Sanchez, C.; Cuadrado, C.; Guillamon, E.; Pedrosa, M.M. The impact of extrusion
on the nutritional composition, dietary fiber and in vitro digestibility of gluten-free snacks based on rice, pea
and carob flour blends. Food Funct. 2017, 8, 3654–3663. [CrossRef]

11. Anton, A.A.; Gary Fulcher, R.; Arntfield, S.D. Physical and nutritional impact of fortification of corn
starch-based extruded snacks with common bean (Phaseolus vulgaris L.) flour: Effects of bean addition and
extrusion cooking. Food Chem. 2009, 113, 989–996. [CrossRef]

12. Morales, P.; Berrios, J.; Varela, A.; Burbano, C.; Cuadrado, C.; Muzquiz, M.; Pedrosa, M.M. Novel fiber-rich
lentil flours as snack-type functional foods: An extrusion cooking effect on bioactive compounds. Food Funct.
2015, 6, 3135–3143. [CrossRef]

13. Berrios, J. Extrusion Cooking: Legume Pulses. In Encyclopedia of Agricultural, Food, and Biological Engineering,
2nd ed.; CRC Press: Boca Raton, FL, USA, 2010; pp. 453–464.

14. Carvalho, A.; de Andrade Mattietto, R.; Bassinello, P.; Nakamoto Koakuzu, S.; Rios, A.; Maciel, R.;
Nunes Carvalho, R. Processing and characterization of extruded breakfast meal formulated with broken rice
and bean flour. Food Sci. Technol. 2012, 32, 515–524. [CrossRef]

15. Brennan, C.; Brennan, M.; Derbyshire, E.; Tiwari, B.K. Effects of extrusion on the polyphenols, vitamins and
antioxidant activity of foods. Trends Food Sci. Technol. 2011, 22, 570–575. [CrossRef]

16. Morales, P.; Cebadera-Miranda, L.; Cámara, R.M.; Reis, F.S.; Barros, L.; Berrios, J.; Ferreira, I.C.F.R.; Cámara, M.
Lentil flour formulations to develop new snack-type products by extrusion processing: Phytochemicals and
antioxidant capacity. J. Funct. Foods 2015, 19 Pt A, 537–544. [CrossRef]

17. Ravindran, G.; Carr, A.; Hardacre, A. A comparative study of the effects of three galactomannans on the
functionality of extruded pea–rice blends. Food Chem. 2011, 124, 1620–1626. [CrossRef]

18. Pedrosa, M.M.; Cuadrado, C.; Burbano, C.; Allaf, K.; Haddad, J.; Gelencsér, E.; Takács, K.; Guillamón, E.;
Muzquiz, M. Effect of instant controlled pressure drop on the oligosaccharides, inositol phosphates, trypsin
inhibitors and lectins contents of different legumes. Food Chem. 2012, 131, 862–868. [CrossRef]

19. Burbano, C.; Muzquiz, M.; Ayet, G.; Cuadrado, C.; Pedrosa, M.M. Evaluation of antinutritional factors of
selected varieties of Phaseolus vulgaris. J. Sci. Food Agric. 1999, 79, 1468–1472. [CrossRef]

20. Pedrosa, M.M.; Cuadrado, C.; Burbano, C.; Muzquiz, M.; Cabellos, B.; Olmedilla-Alonso, B.; Asensio-Vegas, C.
Effects of industrial canning on the proximate composition, bioactive compounds contents and nutritional
profile of two Spanish common dry beans (Phaseolus vulgaris L.). Food Chem. 2015, 166, 68–75. [CrossRef]
[PubMed]

21. Welham, T.; Domoney, C. Temporal and spatial activity of a promoter from a pea enzyme inhibitor gene and
its exploitation for seed quality improvement. Plant Sci. 2000, 159, 289–299. [CrossRef]

22. Sathe, S.K.; Salunkhe, D.K. Studies on trypsin and chymotrypsin inhibitory activities, hemagglutinating
activity, and sugars in the great northern beans (Phaseolus vulgaris L). J. Food Sci. 1981, 46, 626–629. [CrossRef]

23. Dueñas, M.; Fernández, M.L.; Hernández, T.; Estrella, I.; Muñoz, R. Bioactive phenolic compounds of cowpeas
(Vigna sinensis L.). Modifications by fermentation with natural microflora and with Lactobacillus plantarum
ATCC 14917. J. Sci. Food Agric. 2005, 85, 297–304.

24. Oomah, B.D.; Cardador-Martínez, A.; Loarca-Piña, G. Phenolics and antioxidative activities in common
beans (Phaseolus vulgaris L.). J. Sci. Food Agric. 2005, 85, 935–942. [CrossRef]

25. Alonso, R.; Aguirre, A.; Marzo, F. Effect of extrusion and traditional processing methods on antinutrients and
in vitro digestibility of protein and starch in faba and kidney beans. Food Chem. 2000, 68, 159–165. [CrossRef]

88



Foods 2019, 8, 381

26. Roy, F.; Boye, J.I.; Simpson, B.K. Bioactive proteins and peptides in pulse crops: Pea, chickpea and lentil.
Food Res. Int. 2010, 43, 432–442. [CrossRef]

27. Delgado-Licon, E.; Ayala, A.L.; Rocha-Guzman, N.E.; Gallegos-Infante, J.A.; Atienzo-Lazos, M.; Drzewiecki, J.;
Martinez-Sanchez, C.E.; Gorinstein, S. Influence of extrusion on the bioactive compounds and the antioxidant
capacity of the bean/corn mixtures. Int. J. Food Sci. Nutr. 2009, 60, 522–532. [CrossRef] [PubMed]

28. Berrios, J.; Pan, J. Evaluation of extruded black bean (Phaseolus vulgaris L.) processed under different screw
speeds and particle sizes. In Proceedings of the Annual Meeting of the Institute of Food Technologist,
New Orleans, LA, USA, 23–27 June 2001; p. 30.

29. Varela, A.; Guillamón, E.; Cuadrado, C.; Marzo, F.; Burbano, C.; Muzquiz, M.; Pedrosa, M.M. Changes in
nutritional active factors and protein in different legumes by extrusion/cooking. In Proceedings of the 6th
European Conference on Grain Legumes, Lisboa, Portugal, 16–17 November 2007; p. 56.

30. Pedrosa, M.; Cuadrado, C. The nutritional and Nutraceutical Values od Some ready-to-Eat Expanded Legume
Products. In Legumes for Global Food Secutiry; Clemente, A., Jimenez-Lopez, J.C., Eds.; Nova Science, Inc.:
New York, NY, USA, 2017; pp. 157–182.

31. Tosh, S.M.; Yada, S. Dietary fibres in pulse seeds and fractions: Characterization, functional attributes,
and applications. Food Res. Int. 2010, 43, 450–460. [CrossRef]

32. Nikmaram, N.; Leong, S.Y.; Koubaa, M.; Zhu, Z.; Barba, F.J.; Greiner, R.; Oey, I.; Roohinejad, S. Effect of
extrusion on the anti-nutritional factors of food products: An overview. Food Control 2017, 79, 62–73.
[CrossRef]

33. Lombardi-Boccia, G.; Lullo, G.D.; Carnovale, E. In-vitro iron dialysability from legumes: Influence of phytate
and extrusion cooking. J. Sci. Food Agric. 1991, 55, 599–605. [CrossRef]

34. El-Hady, E.A.; Habiba, R.A. Effect of soaking and extrusion conditions on antinutrients and protein
digestibility of legume seeds. LWT Food Sci. Technol. 2003, 36, 285–293. [CrossRef]

35. Aguilera, Y.; Dueñas, M.; Estrella, I.; Hernandez, T.; Benitez, V.; Esteban, R.M.; Martin-Cabrejas, M.A.
Phenolic profile and antioxidant capacity of chickpeas (Cicer arietinum L.) as affected by a dehydration
process. Plant Foods Hum. Nutr. 2011, 66, 187–195. [CrossRef]

© 2019 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/).

89





foods

Article

Study of the Effects Induced by Ball Milling
Treatment on Different Types of Hydrocolloids in
a Corn Starch–Rice Flour System

Luca Nuvoli 1, Paola Conte 2,*, Sebastiano Garroni 1, Valeria Farina 1, Antonio Piga 2

and Costantino Fadda 2

1 Department of Chemistry and Pharmacy, University of Sassari and INSTM, Via Vienna 2, 07100 Sassari, Italy;
lunuvoli@uniss.it (L.N.); sgarroni@uniss.it (S.G.); valefari89@gmail.com (V.F.)

2 Department of Agriculture, University of Sassari, Viale Italia 39/A, 07100 Sassari, Italy; pigaa@uniss.it (A.P.);
cfadda@uniss.it (C.F.)

* Correspondence: pconte@uniss.it; Tel.: +39-079-229-277

Received: 20 March 2020; Accepted: 16 April 2020; Published: 20 April 2020

Abstract: The effects of ball milling treatment on both the structure and properties of guar gum (GG),
tara gum (TG), and methylcellulose (MC) were analyzed prior to assessing their potential interactions
with starch components when they are used alone or in blends in a corn starch–rice flour system. X-ray
diffraction profiles showed that the ball milling caused a reduction in the crystallin domain and, in turn,
a diminished viscosity of the GG aqueous solutions. Despite an increase in its viscosity properties,
effects on TG were minimal, while the milled MC exhibited reduced crystallinity, but similar viscosity.
When both milled and un-milled hydrocolloids were individually added to the starch–flour system,
the pasting properties of the resulting mixtures seemed to be affected by the type of hydrocolloid
added rather than the structural changes induced by the treatment. All hydrocolloids increased the
peak viscosity of the binary blends (especially pure GG), but only milled and un-milled MC showed
values of setback and final viscosity similar to those of the individual starch. Ball milling seemed to be
more effective when two combined hydrocolloids (milled GG and MC) were simultaneously used. No
significant differences were observed in the viscoelastic properties of the blends, except for un-milled
GG/starch, milled TG/starch, and milled MC/milled TG/starch gels.

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

1. Introduction

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

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

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

2. Materials and Methods

2.1. Raw Materials

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

2.2. Ball Milling Treatment

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

2.3. X-ray Diffraction Experiments

The X-ray diffraction patterns of both milled and un-milled hydrocolloids were collected using
a SmartLab X-ray powder diffractometer (Rigaku, Tokyo, Japan) aligned according to Bragg–Brentano
geometry with Cu Kα radiation (λ = 1.54178 Å) and a graphite monochromator in the diffracted beam.
Since the polymers showed broad haloes typical of an amorphous condition, the reciprocal space
investigation was deliberately restricted in the angular range from 5◦ to 60◦ in 2θ, which allows us to
determine the main shape features of patterns.

2.4. Fourier Transform Infrared Analysis

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

range by averaging 64 scans with 4 cm−1 resolution. The background was evaluated by measuring the
signals of dried air.

2.5. Gelling Capacity of Hydrocolloids

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

2.6. Starch/Flour–Hydrocolloid Blend Preparation

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

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

Samples
Corn Starch

(g)
Rice Flour

(g)

Guar Gum
(g)

Tara Gum
(g)

Methylcellulose
(g) Water

(mL)
UN M UN M UN M

Corn starch–rice flour 1.75 1.75 - - - - - - 25

Binary mixtures
starch–flour + UN-GG 1.75 1.75 0.25 - - - - - 25
starch–flour +M-GG 1.75 1.75 - 0.25 - - - - 25

starch–flour + UN-TG 1.75 1.75 - - 0.25 - - - 25
starch–flour +M-TG 1.75 1.75 - - - 0.25 - - 25

starch–flour + UN-MC 1.75 1.75 - - - - 0.25 - 25
starch–flour +M-MC 1.75 1.75 - - - - - 0.25 25

Ternary mixtures
starch–flour + UN-MC +

UN-GG 1.75 1.75 0.125 - - - 0.125 - 25

starch–flour + UN-MC +
M-GG 1.75 1.75 - 0.125 - - 0.125 - 25

starch–flour +M-MC +
M-GG 1.75 1.75 - 0.125 - - - 0.125 25

starch–flour + UN-MC +
UN-TG 1.75 1.75 - - 0.125 - 0.125 - 25

starch–flour + UN-MC +
M-TG 1.75 1.75 - - - 0.125 0.125 - 25

starch–flour +M-MC +
M-TG 1.75 1.75 - - - 0.125 - 0.125 25

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

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

2.7. Pasting Properties of Starch/Flour–Hydrocolloid Blends

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

2.8. Viscoelastic Properties of Starch/Flour–Hydrocolloid Blends

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

2.9. Statistical Analysis

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

3. Results and Discussion

3.1. Structural and Viscosity Properties of the Single Hydrocolloids

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

The XRD patterns of the un-milled GG (UN-GG) and milled GG (M-GG) powders are presented
in Figure 1A. Both guar systems exhibited a typical XRD profile with very low crystallinity (2θ = 17.02
and 20.11◦) with respect to the amorphous counterpart (broad peak centered at 18.1◦ in 2θ). After the
ball milling, a pronounced reduction in crystallinity (see peak at 17.02◦), which could be ascribable to
the partial hydrogen bonds breaking the guar structure, is observed [19,20].

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

XDR patterns for MC samples are shown in Figure 1C. The observed diffraction peaks for both
materials can be attributed to the crystalline scattering and the diffuse background of the disordered
regions. The diffractogram corresponding to the un-milled MC (UN-MC) sample showed maximum
diffraction peaks at the 8.1◦ and 20.2◦ 2θ angles, while 8.1◦ and 19.7◦ 2θ angles were recorded for the
ball milled MC (M-MC). Comparing the XRD patterns, it is possible to observe a shift versus a lower
2θ angle of the main peak for the ball-milled system. This indicates an increase of the inter-planar
distance compared to the original MC, due to the generation of disorder when the MC is ball milled.
The maximum, around 20◦, present in the MC sample, is commonly known as van der Waals halo,
which appears for many polymers and corresponds to the polymeric chain packing due to van der

95



Foods 2020, 9, 517

Waals forces [21]. Also, the maximum around 8◦, which is known as the halo of low van der Waals,
occurs for some amorphous polymers due to the existence of regions with aggregates of segments
of parallel chains. The peak broadening (b–violet curve) is a direct consequence of the mechanical
treatment which induces a further decrease of the crystallinity of the MC powders (35%). In the case of
the native MC, this maximum is much more defined, conferring this sample a more semicrystalline
character (46%).
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Figure 1. X-ray diffraction patterns of un-milled (continuous dark line) and milled (continuous grey
line) hydrocolloids: guar gum (A), tara gum (B), and methylcellulose (C). UN: un-milled; M: milled;
GG: guar gum; TG: tara gum; MC: methylcellulose.

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

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

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

3.2. Properties of Binary Hydrocolloid–Starch Blends

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

Among the tested samples, the starch–flour system alone exhibited lower values of peak viscosity,
breakdown, setback, and final viscosity than those observed when the single hydrocolloids were added
to the starch paste. Only the MC, irrespective of whether it had been treated or not, showed values of
setback and final viscosity during the gelling/cooling stage similar to those of the individual starch
(Table 2). A possible explanation for such an increase in viscosity could be that starch–hydrocolloid
dispersions are complex biphasic systems composed of a suspension of swollen granules dispersed in
a continuous medium in which amylose, low-molecular-weight amylopectin molecules and the added
hydrocolloids are located [24,25]. As gelatinization and pasting proceed, the starch granules continue
to swell and, in turn, to absorb and bind more water, leading to a reduction of the volume occupied by
the hydrocolloids that, being more concentrated, cause a rise in the viscosity of the entire system [24].
Furthermore, the thickening ability of hydrocolloids as well as interactions between hydrocolloids and
swollen starch granules and/or leached amylose may also be involved as other concurrent factors [26].
However, while the addition of both milled and un-milled hydrocolloids was significant in promoting
the viscosity levels, each hydrocolloid affected the pasting properties of the starch system in a different
way (Figure 3). In fact, during gelatinization and pasting, the viscosity profiles of the starch/GG
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mixtures were higher than those shown by the other galactomannan TG regarding peak viscosity
and breakdown, whereas intermediate viscosity values were observed with the addition of the MC,
in which the values of peak viscosity were significantly higher than those of the TG mixtures, but the
values of breakdown were significantly lower than those of guar gum blends. Discussing the results
more in depth, it can be observed that within each tested hydrocolloid, the effect of the ball milling
treatment was found to be significant only in the case of GG, in which the mechanochemical treatment
seemed to have some detrimental effect on peak viscosity (Table 2). However, the UN-GG was the
hydrocolloid that most strongly affected both peak viscosity and breakdown of the starch–flour mixture.
This result could be explained by assuming that, during pasting, this hydrocolloid is not able to cover
or interact with starch granules, but persists in the macromolecular medium which forms a sheet
structure [27]; in this way, it does not hinder the swelling of the starch granules, which are free to swell,
leading to a great increase in peak viscosity. After that, the more fragile swollen granules, becoming
less resistant to the mechanical shearing, lose their integrity, leading to a severe drop (the so-called
breakdown) in the viscosity of the system that becomes, in turn, less stable [25]. The M-GG, on the
contrary, when added to the corn starch-rice flour mixture behaved in a different way, resulting in
a lower and flatter peak viscosity. To better understand this different behavior, it must be borne in mind
that, due to the reduction of the crystalline domains caused by the ball milling treatment, the M-GG
exhibited more fluidity than the UN-GG. Therefore, it can be hypothesized that this decrease in peak
viscosity (in line with the results obtained in the gelling capacity analysis) may be due to the smooth
flow that the M-GG molecules exhibit in the continuous phase without interacting with the leached
amylose and amylopectin [28]. Similar conclusions were reported by [28] to explain the decrease in the
peak viscosity observed when low-molecular-weight GG was added to a corn starch–rice flour system.
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As in the case of the GG, the TG, irrespective of whether it had been treated or not, also increased
the peak viscosity, but the extent of this increase was significantly lower than that observed for GG
(Table 2). Furthermore, while the TG showed a lower breaking viscosity during heating, it promoted
higher stability of the system. The authors of [26], when studying the interactions between wheat
starch and both guar and tara gums, reported opposite results to our findings. In fact, these authors
observed higher values of peak viscosity using the TG, whereas they found similar values of breakdown
and setback in the TG-containing samples compared to the guar gum mixtures. This contrasting
behavior, however, may be due to the different type of starch and/or to the different method of sample
preparation used. Furthermore, in contrast to what was previously reported for the gelling capacity of
the milled TG (M-TG) dispersed in an aqueous environment, the ball milling treatment seemed to have
no effect on the pasting properties of the TG-starch blend. Presumably, in a complex system such as
starch–hydrocolloid mixtures, the overexposure of the hydroxyl groups previously hypothesized for
the TG as a consequence of the ball milling treatment, was counterbalanced by the competition for
water with the starch granules.

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

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

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

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

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

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

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

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

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

3.4. Viscoelastic Properties of Hydrocolloids Starch Gels

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

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

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

Samples
Storage Modulus

G′ (Pa)
Loss Modulus

G′′ (Pa)
Loss Tangent

tan δ

Corn starch–rice flour 1449 ± 191 abc 147 ± 0 a 0.103 ± 0.013 ns

Single Hydrocolloid +
Starch–flour

UN-GG 2024 ± 320 d 234 ± 12 ab 0.117 ± 0.012 ns
M-GG 1222 ± 227 a 151 ± 31 a 0.124 ± 0.002 ns

UN-TG 1785 ± 105 cd 315 ± 66 ab 0.176 ± 0.026 ns
M-TG 2887 ± 173 e 635 ± 335 c 0.217 ± 0.103 ns

UN-MC 1254 ± 161 ab 212 ± 20 ab 0.170 ± 0.005 ns
M-MC 1287 ± 230 ab 239 ± 66 ab 0.185 ± 0.018 ns

Pairs of Hydrocolloids
+ Starch–flour

UN-MC + UN-GG 1594 ± 101 abcd 245 ± 50 ab 0.153 ± 0.021 ns
UN-MC +M-GG 1705 ± 201 bcd 252 ± 3 ab 0.149 ± 0.016 ns
M-MC +M-GG 1816 ± 34 cd 284 ± 37 ab 0.157 ± 0.018 ns

UN-MC + UN-TG 1379 ± 14 abc 237 ± 6 ab 0.172 ± 0.002 ns
UN-MC +M-TG 1751 ± 523 cd 312 ± 113 ab 0.177 ± 0.012 ns
M-MC +M-TG 1942 ± 26 d 399 ± 110 b 0.206 ± 0.059 ns

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

4. Conclusions

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

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

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

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

1. Introduction

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

Processing of tomatoes leads to a high amount of by-products, about 3–7% of the tomato
weight [8,9] that generates serious environmental problems for the industry concerned due to the
disposal of the organic material. Tomato pomace, the major part of the by-products, includes mainly
seeds and peels in various proportions and a small amount of pulp [10]. Some amounts of by-products
are used in animal feed or as soil fertilizers [11]. However, today there is an increasing trend of
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using this by-product as a source of functional components in different products knowing that the
tomato pomace is a rich source of valuable compounds which can be recovered and used in food,
pharmaceutical and cosmetic industries as natural ingredients [12,13]. In the chemical composition
of tomato pomace high level of total dietary fibers, proteins, fats and medium amounts of ash are
found [14].

The peel and seed by-products of tomato pomace represents approximately 20–50 g·kg−1 of the
initial weight of tomatoes and can be used individually or combined [14]. Regarding the combined
utilization, the literature reports that, due to the significant amounts of bioactive phytochemicals from
tomato pomace, it can be used as natural antioxidants for the formulation of functional foods, or as
additives in food systems to extend their shelf-life [15–17]. Other studies showed that tomato pomace
can be considered a good source of some macroelements, such as potassium, manganese and calcium
and microelements, i.e., copper and zinc, which are cofactors of the antioxidant enzymes [15]. As
individual part of by products, many studies [16–19] highlighted the possibility of using the tomato
peels as a source of carotenoids and antioxidants to enrich various foods products or to produce new
functional ones. The other part of tomato by-product, tomato seeds, account for approximately 10%
of the fruit and 60% of the total by-product and contain a high amount for protein, fat and mineral
elements such as potassium, calcium, iron, manganese, zinc and copper [14,20]. Tomato seed proteins
present adequate properties to form a good emulsion in a food system [21]. An improved protein
quality for bread supplemented with 10% seed meal was reported by Sogi et al. [22]. According to
Kramer and Kwee [23] the nutritive value of tomato seed protein is lower than of casein but equivalent
or higher than of other plant proteins. The net protein retention (NPR) of whole tomato seed meal,
defatted tomato seed meal and tomato seed protein concentrate was reported as 2.65%, 2.52% and
2.51%, respectively which were lower but comparable with those obtained for casein, 2.91% (dry
basis) [24].

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

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

2. Materials and Methods

2.1. Flour Samples

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

2.2. Flour Composites

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

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

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

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

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

G′(ω) = K′ ·ωn′ (1)

G′′ (ω) = K′′ ·ωn′′ (2)

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

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

J(t) = γ(t)/σ (3)

where J (Pa−1) is compliance, γ is the strain and σ is the constant stress applied during the creep test
(Pa−1).

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

J(t) = JCo + JCm (1 − exp(−t/λC)) + t/μCo (4)

J(t) = Jmax − JRo − JRm(1 − exp(−t/λR)) (5)

where Jio (Pa−1) is the instantaneous compliance, Jim (Pa−1) is the retarded elastic compliance or
viscoelastic compliance, t (s) is the phase time, λi (s) is the retardation time, μCo (Pa·s) is the zero shear
viscosity and Jmax (Pa−1) is the maximum creep compliance obtained at the end of the creep test. The
recovery compliance, Jr (Pa−1), evaluated where dough recovery reached equilibrium, is calculated
by the sum of JRo and JRm. The relative elastic part of the maximum creep compliance, expressed as
percent recovery was determined using Equation (6) [42,43]:

Recovery (%) =
Jr

Jmax
· 100 (6)

where: Jmax is the maximum creep compliance value in the creep phase for the 60 s, which corresponds
to the maximum deformation, and Jr is the compliance value at the end of the recovery phase.
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2.5. Microstructure of Flour Composite Dough

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

2.6. Statistical Analysis

The experimental data and fitting parameters of the employed models were statistically evaluated
by one-way analysis of variance (ANOVA) followed by the least significant difference (LSD) test at
significance level of 0.05 using SPSS software (trial version, IBM, Armonk, NY, USA). The goodness of
fit of the models was assessed using the corresponding determination coefficients (R2).

3. Results and Discussions

3.1. Flour Characteristics

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

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

3.2. Wheat–Tomato Seed Composite Flours Physicochemical Characteristics

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

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

Sample Protein (%) Lipids (%) Ash (%)
Moisture

(%)
Falling

Number (s)

Control 12.40 a
(0.20)

1.60 a
(0.10)

0.65 a
(0.01)

14.50 a
(0.30)

445.00 a
(14.00)

TSF_5 13.25 b
(0.19)

2.49 b
(0.09)

0.80 a
(0.00)

13.83 a
(0.29)

467.00 ab
(14.00)

TSF_10 14.11 c
(0.18)

3.39 c
(0.09)

0.97 a
(0.00)

13.47 d
(0.27)

478.00 b
(12.00)

TSF_15 14.96 d
(0.17)

4.28 d
(0.09)

1.13 a
(0.00)

13.11 c
(0.25)

445.00 a
(15.00)

TSF_20 15.82 e
(0.16)

5.18 e
(0.08)

1.30 b
(0.00)

12.74 b
(0.24)

434.00 ac
(16.00)

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

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

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

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

Sample WA (%)
ST

(min)
DT

(min)
C2

(N-m)
C1-2

(N-m)
C3

(N-m)
C3-2

(N-m)
C4

(N-m)
C3-4

(N-m)
C5

(N-m)
C5-4

(N-m)

Control 60.70 a
(2.20)

8.53 a
(0.01)

3.85 a
(0.62)

0.49 a
(0.02)

0.60 a
(0.02)

1.82 a
(0.07)

1.33 a
(0.06)

1.55 a
(0.09)

0.27 a
(0.02)

2.36 a
(0.06)

0.81 a
(0.03)

TSF_5 59.20 e
(0.02)

8.73 e
(0.02)

3.98 d
(0.03)

0.54 b
(0.03)

0.64 b
(0.03)

1.73 d
(0.06)

1.19 d
(0.03)

1.59 d
(0.07)

0.14 c
(0.02)

2.81 b
(0.05)

1.22 b
(0.02)

TSF_10 58.50 d
(2.20)

9.18 b
(0.02)

4.05 c
(0.05)

0.55 b
(0.03)

0.62 c
(0.01)

1.67 c
(0.02)

1.12 c
(0.01)

1.57 d
(0.04)

0.10 b
(0.02)

2.78 b
(0.05)

1.21 b
(0.01)

TSF_15 57.60 c
(2.20)

9.08 c
(0.01)

4.32 b
(0.17)

0.53 c
(0.02)

0.64 b
(0.02)

1.52 b
(0.05)

0.99 b
(0.03)

1.35 b
(0.03)

0.17 c
(0.02)

2.57 c
(0.05)

1.22 b
(0.02)

TSF_20 56.80 b
(2.20)

8.90 d
(0.10)

4.55 b
(0.01)

0.53 c
(0.02)

0.65 b
(0.01)

1.50 b
(0.03)

0.97 b
(0.01)

1.40 c
(0.01)

0.10 b
(0.02)

2.53 d
(0.04)

1.13 c
(0.03)

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

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

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

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

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

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

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

Figure 1. Mechanical spectra of control dough (C) and dough samples with different levels (5%, 10%,
15% and 20%) of tomato seeds flour (TSF). Presented data are mean values.

The parameters for power-law equations which were used to describe the dependence of moduli
on the oscillation frequency are shown in Table 3. As it may be seen, the dependency of G’ and G”
dynamic moduli on the oscillation frequency was well modeled by Equations (1,2) in the range of
tested frequency from 1 to 20 Hz. The coefficient of determination (R2) values was higher than 0.999
and 0.960 for G’ and G”, respectively, showing that the power law model was adequate in modeling
the viscoelastic properties of dough samples. The obtained values of K’, K”, n’ and n” parameters
adequate to G’ and G” are shown in Table 3.

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

Sample
G’ = K’·ωn” G” = K”·ωn”

K’ (Pa sn’) n’ K” (Pa sn”) n”

Control 65,707.45 a
(7373.07)

0.168 a
(0.008)

21,489.72 a
(3403.12)

0.196 a
(0.008)

TSF_5 73,158.88 a
(3875.74)

0.167 a
(0.001)

22,721.65 a
(439.82)

0.199 a
(0.001)

TSF_10 73,711.68 a
(2893.63)

0.172 a
(0.004)

23,469.96 a
(2119.38)

0.197 a
(0.005)

TSF_15 77,350.93 b
(2412.14)

0.177 c
(0.002)

24,470.72 a
(1762.34)

0.205 b
(0.003)

TSF_20 85,702.71 c
(7512.53)

0.182 b
(0.002)

26,867.43 b
(2610.38)

0.198 a
(0.004)

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

The values of K’ and K” increased with the increase of TSF addition level in wheat flour. Significant
increases (p < 0.05) were noticed especially between the control sample and samples in which 15% and
20% TSF were incorporated. The highest values of K’ and K” were obtained for the dough sample with
the highest level of TSF addition in wheat flour. The results obtained indicated that the TSF addition
led to a stronger dough compared to the control sample. This effect on the viscoelastic properties can
be related to the TSF emulsifying properties which act as a filler in the dough viscoelastic matrix [62]
causing strong bonds which lead to higher modulus values.
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The results obtained for the G’ slope represented by n’ presented lower values than n” for the
G” slope (Table 3). The TSF addition in wheat flour dough favors the binding of lipids from TSF to
gluten proteins by hydrophobic interactions during mixing. Also, due to the TSF emulsifying capacity
the gluten proteins charge decreased, favoring their aggregation, leading to an increase of the n’ and
n” parameters values compared to the control sample. The additional level of TSF had a significant
effect (p < 0.05) on n’ at level of 15% and 20%, while on n” only at the level of 15%. Proximate n’ and n”
values (n’ = 0.22–0.12; n” = 0.23–0.181) were found by Chouaibi et al. [63] for wheat flour dough with
commercial tomato products addition.

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

Figure 2. Creep and recovery curves of control sample (C) and dough samples with different levels
(5%, 10%, 15% and 20%) of tomato seed flour (TSF). Presented data are mean values.

The experimental data of compliance were well adjusted (R2 > 0.97) to the Burgers model,
Equations (4,5). The parameters of Burgers model are shown in Table 4. In general, the levels of TSF
addition exert a significant effect on the creep parameter values. The highest value of instantaneous
compliance was observed in the case of the control sample, indicating a more elastic nature and higher
recovery. An addition of TSF led to a decreased of JCo, except for the sample with 15% TSF which
showed a slightly increase of the instantaneous compliance. This increase can be related to a slight
firmness improvement of dough structure, in according to the result reported by Miś [64]. The highest
change on JCo was found for the sample with 20% TSF, indicating a significantly (p < 0.05) decrease of
the instantaneous elasticity. In respect to the retardation times obtained for the creep and recovery
phase, the results showed that the TSF addition levels exhibit significance changes (p < 0.05) on λ
parameter. The increase of λC values for the samples with levels higher than 5% TSF addition in wheat
flour is significant, showing that the retarded elastic creep took place more slowly. The decrease of λR
values with the increase of TSF addition level in wheat flour to 15% and 20% showed that the retarded
elastic recovery took place more rapidly. A significant higher viscosity, μCo was found in the all samples
with TSF addition, except the sample when 15% TSF was incorporated in wheat flour, indicating a
higher dough resistance to flow deformability than the control sample. Therefore, the samples with
15% TSF addition in wheat flour presented lower opposition to deformation than the dough samples
with 5%, 10% and 20% TSF. This behavior is correlated to the maximum creep compliance value (9.41)
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obtained for sample with 15% TSF. Compared to other samples with TSF addition, this effect can be
related to the gluten dilution in dough. The decrease of gluten proteins by TSF addition at constant
stress led to an increase of creep compliance, whereas the elastic contribution decreased [65].

Table 4. Parameters of Burger’s model.

Sample Creep Phase Recovery Phase

JCo· 105

(Pa−1)
JCm· 105

(Pa−1)
λC (s)

μCo· 10−6

(Pa · s)
Jmax· 105

(Pa-1)
JRo· 105

(Pa−1)
JRm· 105

(Pa−1)
λR (s)

Jr· 105

(Pa−1)
Jr/Jmax

(%)

Control 2.50 a
(0.16)

8.13 a
(0.04)

36.97 a
(0.48)

1.48 a
(0.01)

9.13 a
(0.33)

2.30 a
(0.20)

3.90 a
(0.29)

38.19 a
(3.47)

6.20 a
(0.10)

67.98 a
(3.50)

TSF_5 2.45 b
(0.03)

7.80 b
(1.07)

36.60 b
(2.93)

1.60 b
(0.24)

8.80 d
(0.61)

2.62 b
(1.28)

3.61 b
(0.45)

37.10b
(9.63)

6.22 b
(0.83)

70.37 a
(4.55)

TSF_10 2.32 e
(0.12)

7.69 c
(0.64)

37.95 c
(0.21)

1.54 c
(0.14)

8.51 a
(0.54)

2.42 e
(0.16)

3.60 a
(0.54)

39.11 c
(4.74)

6.01 a
(0.39)

70.66 a
(0.14)

TSF_15 2.51 c
(0.36)

8.64 d
(1.24)

38.56 e
(0.96)

1.45 e
(0.22)

9.41 b
(1.32)

3.32 c
(0.28)

3.49 a
(0.74)

36.02d
(3.66)

6.81 c
(1.02)

72.27 a
(0.70)

TSF_20 2.04 d
(0.15)

8.41 e
(1.60)

42.54 d
(3.33)

1.54 d
(0.26)

8.48 c
(1.27)

4.51 d
(2.04)

2.32 c
(0.45)

22.48 e
(17.21)

6.83 d
(1.59)

79.56 a
(6.89)

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

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

3.5. Influence of Tomato Seed on Dough Microstructure

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

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

4. Conclusions

In conclusion, the wheat-tomato seed composite flours parameters analyzed, namely protein, fat
and ash, increased with the level of tomato seed addition increase in wheat flour, indicating the fact
that bread with TSF will present a higher nutritional and energetic value for consumers. According
to the rheological data, all the dough samples with TSF addition were more stable and strengthened
compared to the control sample presenting higher values for dough stability and development time.
This fact indicates to the bakers that the dough with TSF addition presents a higher capacity to keep its
shape during proofing and therefore, it may be fermented for a longer period of time. Also, dough
with TSF addition will present a higher ability to retain the gas formed during the fermentation
process, a fact that will influence bread porosity. The higher dough strength for the samples with
TSF indicated that the bread obtained presented a more firm texture. Regarding the mixing behavior
for the dough samples with TSF addition, it seemed that according to the Mixolab data the bakers
should mix the composite flour for a longer period of time and must introduce less water amount
in order to obtain an optimum dough consistency. At high levels of TSF addition in wheat flour, all
the Mixolab parameters torques related to the starch behavior (C3, C4, C5) decreased probably due
to the decrease of the starch content from the wheat–tomato seed flour samples. At low levels of
addition, TSF seemed to integrate very well into the dough system increasing its starch stability paste.

117



Foods 2019, 8, 626

Also, the FN increased when low levels of TSF were incorporated and decreased when high levels
of TSF were added in dough samples. This, along with starch behavior recorded with the Mixolab
device, showed that the addition of α amylase may be recommended for wheat flour with high FN
values without affecting in a negatively way the dough stability, a fact that will lead to good bakery
products quality. It must been mention that when high levels of TSF were added the C5 and C5-4
begin to decrease, favoring less starch retrogradation, indicating the fact that bakery products obtained
with TSF addition will present a higher shelf life than the control sample. The dynamic rheological
data showed that with the increase of TSF addition level in wheat flour the dough samples presented
higher viscoelastic solid properties. Creep–recovery tests showed that TSF addition in wheat flour
led to dough with higher resistance to deformation, smaller creep strain values and higher recovery,
indicating stronger dough with greater elasticity. This indicated that during the technological process
the dough samples with TSF addition presented the capability to maintain their form, a fact that will
create the possibility to prolong the fermentation phase due to a higher ability to retain the gas formed
during this process. Also, after baking the bakery products may present higher loaf volumes and
porosity due to the fact that by prolonging the fermentation process the amount of the gas released will
increase and may be retained by the dough system due to it high elasticity. The results obtained from
EFLM were in accordance with the rheological data. All the analyzed samples were homogeneous,
with a compact dough matrix, showing that the dough samples were strong even when high levels of
TSF were incorporated. According to the data obtained, we concluded that tomato seed, as a whole
flour form, can be used in bread making by blending with wheat flour even at high levels of up to 20%,
as an alternative for developing new bakery products. The TSF addition increased the dough strength
which makes us recommend its use for wheat flour of a good quality for bread making with a high
content of wet gluten. In the case of its addition in wheat flour with high FN values we recommend
the addition of α amylase in the dough system, a fact that will increase the amount of the gas formed
in the dough system, gas that dough with TSF addition is capable of retaining.
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