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Preface

Consumers increasingly desire cereal-based products that offer added health benefits beyond basic

nutrition, driving a diversification of products with features like whole grains, fortified ingredients,

fermented components, and functional extracts. This trend stems from growing awareness of the link

between whole grains and reduced risk of chronic diseases like cardiovascular issues and diabetes,

as well as the desire for natural, plant-based, and probiotic-rich foods. The challenge is to improve

cereal-based foods not only for health, but also for taste to guarantee consumer’s acceptance, and the

economic potential of the new products. This aim can be achieved using different strategies, with some

based on breeding programs, and others focusing on the upgrade of milling processes or on using new

foods formulations.

Donatella Bianca Maria Ficco and Grazia Maria Borrelli

Guest Editors
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Editorial

Cereals and Cereal-Based Foods: Nutritional, Phytochemical
Characterization and Processing Technologies

Grazia Maria Borrelli * and Donatella Bianca Maria Ficco *

Consiglio per la Ricerca in Agricoltura e l’Analisi dell’Economia Agraria—Centro di Ricerca Cerealicolturae
Colture Industriali, 71122 Foggia, Italy
* Correspondence: graziamaria.borrelli@crea.gov.it (G.M.B.); donatellabm.ficco@crea.gov.it (D.B.M.F.)

Cereals have historically been recognized as an important part of the human diet.
They include a variety of grains, such as wheat, durum wheat, maize, oats, rice, rye, barley,
and sorghum, representing two-thirds of human food consumption. Cereal-based foods
can be cooked and eaten as whole grains, ground into flour to make a variety of products
like bread, pasta, and noodles, or used as ready-to-eat breakfast cereals and snacks [1].

With cereals being an important source of energy and compounds with nutritional and
healthy properties, the development of cereal food products with enhanced features pre-
supposes the exploitation of genetic materials with good levels of endogenous nutritional
and phytochemical compounds.

This Special Issue comprises a collection of eleven peer-reviewed articles focused on
the study of the nutritional/functional and physico-chemical features of raw materials for
the improvement of derived cereal-based foods. In total, 75 authors contributed to this
collection, which consists of ten research articles and one review article that addresses the
most recent advances on these topics. The articles published in this Special Issue covered
the characterization of the nutritional and technological properties of cereals to be used
for the production of targeted foods (five articles), the study of primary and secondary
processing (four articles), and the potential reuse of by-products as new ingredients in
formulations for cereal food development (two articles).

Some cereals play an important role in the nutrition of subjects affected by particular
pathologies, such as gluten-related disorders or diabetes. Gluten-related disorders, particu-
larly celiac disease, are triggered by the ingestion of gluten proteins naturally present in
grains such as rye, wheat, and barley. Patients suffering from celiac disease have a reduced
quality of life due to the need to adopt a strictly gluten-free diet, with all the negative
nutritional implications due to the characteristics of traditional gluten-free products that are
often rich in lipids and poor in vitamins, antioxidants, and fibers [2]. To meet their dietary
needs, much research is aimed at investigating other gluten-free cereal species to identify
genotypes with good baking performance and good acceptability and technological quality
for developing novel and healthier gluten-free products. Among these, sorghum, oat, and
maize represent valuable gluten-free raw materials for the development of products with
improved nutritional value.

Sorghum is an excellent source of proteins, carbohydrates (starch), vitamins, min-
erals (such as iron and potassium), other bioactive compounds (especially phenolic and
flavonoid compounds), oligo-elements (mainly magnesium and manganese), and fatty
acids (ω-6 and 3) [3,4]. Moreover, it has a low glycemic index, making sorghum-derived
products beneficial to diabetics, in addition to for people affected by celiac disease or gluten
intolerances [4]. Oat is rich in substances beneficial to the human body, including vitamin E

Foods 2025, 14, 1234 https://doi.org/10.3390/foods14071234
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(tocols), phenolic compounds, β-glucans, and insoluble fiber [5]. Maize is a good source of
starch, proteins, and lipids, and of several bioactive compounds. Different types of maize
are characterized by grain color, varying from white to yellow, pink, red, blue or black,
and these pigmented maizes are richer in many secondary metabolites, such as phenolic
compounds, anthocyanins, carotenoids, and tocols [6]. The nutritional and technological
traits of sorghum hybrids, hulled/naked oat varieties, and white/pigmented maize geno-
types and landraces were analyzed by Gazza et al. (Contribution 1) to identify species and
cultivars expressing better characteristics intended for various processed foods. Differences
in the content of protein, total and resistant starch, amylose, and the total dietary fiber,
particularly β-glucan, as well as in the content of phenolic compounds and antioxidant
capacities were found in the three species. Although all the three species possess technolog-
ical properties suitable for food processing, their pasting properties, related to the structural
changes affecting the starch granules during gelatinization and retrogradation, provided
more precise information regarding their aptitude for making particular products. In fact,
some oat genotypes showed characteristics suitable for formulations of gluten-free pasta or
bakery products, while some maize and sorghum genotypes could be adapted for baking
goods. Moreover, other sorghum genotypes were found to be more appropriate for food
products that require stable thickening after heating and cooling, like in sauce production.

Among the minor cereals, sorghum is the most investigated, as it can grow in semi-arid
conditions, as well as having nutritional peculiarities. This led to much research investigat-
ing sorghum genotype variability. Pontieri et al. (Contribution 2) assessed the nutritional
and bioactive components, including proteins, carbohydrates, dietary fiber, unsaturated
fatty acids, and minerals, of nine inbred varieties grown under typical Mediterranean
conditions with the aim of identifying varieties with superior nutritional attributes to
utilize in breeding programs.

However, sorghum’s nutritional components, particularly its proteins and minerals,
are less available for humans and animals due to presence of anti-nutritional factors, like
tannins and phytic acid. In fact, tannins interact with proteins, creating complexes that
inhibit protein/enzyme and starch digestibility. Moreover, tannins, similarly to phytate,
can also bind to minerals, thus reducing their bioavailability. Therefore, various approaches
such as fermentation, germination, and hydrolysis are employed to cope with these limits.
Among these, germination represents a cost-effective and efficient technology that facili-
tates structural modifications of bound phenolic compounds into free forms, improving
the nutritional value, generating various bioactive compounds, and also reducing the
anti-nutritional factors (tannins, phytates, and protease inhibitors) [7,8]. Kaisoglu et al.
(Contribution 3) demonstrated the effectiveness of germination over a period of 7 days in
increasing the nutritional and functional qualities of red and white sorghum grains, cur-
rently limited to animal feed use, in comparison to native sorghum. They found increased
protein, lipid, fiber, minerals and lignin content. The authors also observed a decrease
in starch content and modifications to the molecular structure of starch granules in both
sorghum varieties that could pave the way for their possible use in human nutrition.

Besides being a source of food for celiacs, maize can have many other fields of food
industry application related to the production of Resistant Starch type 5 (RS5). RS5 is
highly interesting in the food industry for its versatility and functional properties, hav-
ing characteristics of non-toxicity, biodegradability, and an ability to selectively release
bioactive compounds in the gastrointestinal tract [9]. Consequently, it is important to
explore cost-effective and efficient methods to produce it. The formation of RS5, primarily
associated with amylose–lipid complexes, is typical of starches with a high amylose con-
tent due to their affinity for lipid compounds [10]. However, the parameters governing
gelatinization are critical for the successful formation of RS5 [11]. Recently, some studies
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have also investigated the potential of amylopectin-rich starches to form amylopectin–lipid
complexes (ALCs), broadening RS5 sources. Starches rich in amylopectin may be a more
accessible source for RS5 formation, as the size of the chains obtained by amylopectin
debranching significantly affects their ability to interact with lipids. The type of fatty acid,
influencing the formation of complexes with starch molecules, also affects the content of
RS5, the enzymatic hydrolysis rate, and the thermal properties of the starch. Specifically,
complexes formed between oleic acid and amylopectin-rich (waxy) starch under certain
conditions lead to a higher content of RS5 [12]. In this context, Castro-Campos et al. (Con-
tribution 4) analyze the potential of waxy maize starch, which is rich in amylopectin, to
develop amylopectin–lipid complexes, with oleic acid (10% w/w) under different thermal
and mechanical conditions. They identify boiling conditions with 45 min of stirring as the
optimal conditions for the formation of stable ALCs that, restricting the access of enzymes,
showed the highest resistance to the digestion process.

Overall, to obtain superior foods with high nutritional and health value, a deci-
sive contribution derives from the degree of refinement of flours. Cereal wholemeals
provide many important nutrients and bioactive compounds with an important role in
reducing the risk of developing various chronic diseases and age-related conditions [13].
Dragičević et al. (Contribution 5) evaluated the content of important macro- (protein)
and micro-nutrients (mineral elements), as well as bioactive compounds, such as soluble
and insoluble functional dietary fiber prebiotic dietary fiber (e.g., cellulose, arabinoxylan,
β-glucan, xyloglucan, and fructan) and some antioxidants (glutathione, yellow pigment,
and the specific profile of phenolic compounds), in wholemeals of cereals, such as barley,
durum wheat, bread wheat, ancient wheats, such as spelt and emmer wheat, and minor
crops, such as triticale, sorghum, oat, and rye. The results confirmed the importance of
these meals as nutraceuticals. The unique chemical profile of oat and barley reiterates their
utility in the production of functional foods. Regarding wheats, some of these compounds
are mostly concentrated in ancient genotypes. Despite the lower yields, compared to the
modern wheat genotypes, their value is associated with their sustainability, as they are
better adapted to low-input and organic agriculture, growing on marginal soils and in
dry conditions [14,15].

The second part of this Editorial is mainly devoted to evaluating the effect of processing
on the nutritional and technological quality of cereal-based foods. Final quality results from
the interaction among many different factors including species, genotype, environment,
and primary (milling) and secondary processing steps are presented. For instance, in wheat,
milling has an important effect beyond reducing nutritional compounds [16], also altering
the structure and functionality of starch granules, thus producing damaged starch (DS) [17].
The content of DS influences the physicochemical and rheological properties of the flours,
directly affecting their industrial performance [18]. The degree of starch damage during
milling is influenced by the composition of the starch (amylose/amylopectin ratio), the
hardness of the grain, and the milling conditions, increasing with the severity of the milling
process. Damaged starch granules increased their water absorption capacity during dough
preparation, affecting dough mixing and the rheological properties of flour. Furthermore,
DS granules are more accessible to endogenous β-amylase hydrolysis, which results in
the production of maltose and dextrin [18]. In conventional baking procedures, maltose
is used by yeast to ferment to carbon dioxide, causing loaves to rise. An understanding
of how the DS content of flour affects the performance of the product has been a very
important requirement in the baking industry. Teobaldi et al. (Contribution 6) assessed the
morphology of wheat starch granules with different DS, correlating it with the rheological
and thermal behavior of starch-based systems. They demonstrated that higher levels of
DS determine a decrease in the driving force for water attachment to the starch granules
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allowing to a weaker water–starch polymer chain interactions and to a reduction in the
evaporation temperature that could affect bread quality.

It is also interesting to account for the effect of milling on wheat protein in an industrial
setting. In fact, milling also affects protein content in the kernel. Wheat is the main source of
protein worldwide. Within the starchy endosperm, protein content and composition have a
positive gradient from the center of the endosperm towards the aleurone layer [19,20]. The
extent of this gradient highly depends on the cultivar and the level of nitrogen fertilization
(N-fertilization) [20]. Milling separates the starchy endosperm from the aleurone layer
and bran and grinds this into white flour. It was reported that the last break (BFs) and
reduction fractions (RFs) are higher in protein content compared to the other flour fractions
due to aleurone and bran contamination [21]. Other than the protein content, the relative
gluten content and composition also play a crucial role in determining the functionality of
flour. Hermans et al. [22] showed that the sub-aleurone has a significantly higher relative
gluten content than the inner endosperm without significant differences in the HMW-GS
protein proportion. Hermans et al. (Contribution 7) studied how the protein gradient
within the starchy endosperm is reflected in the gluten content and composition of mill
fractions, using three cultivars grown without and with N-fertilization (300 kg N ha−1).
The increasing protein content in successive break fractions (BFs) was shown to reflect
the protein gradient within the starchy endosperm. They found an increase in protein
content, also in the reduction fractions (RFs), that could be ascribable to increased levels
of aleurone and bran contamination. The BFs were used to investigate the magnitude
of the gradient in gluten content within the starchy endosperm and assess the effect of
cultivar and N-fertilization level on it. They showed that, in all cultivars, the gluten content
increased from the inner to outer endosperm to a greater extent without N-fertilization
than with it. Furthermore, no consistent gradient for the gluten composition was observed
when N-fertilization was applied. This study gives information for the milling industry to
manage flour streams of different raw materials and optimize the process.

Secondary processing is used to transform grain/flour into edible products. This
process can be studied both to identify the optimal experimental conditions to improve
the performance of the end products and to evaluate the effect of the process as such on
some qualitative characteristics. These two aspects have been investigated on some puffed
cereals and pasta, respectively.

Puffed cereals are ready-to-eat cereal grain formulations suitable for human consump-
tion without requiring further cooking. Non-optimal storage conditions of temperature and
moisture could cause microbial spoilage and deterioration affecting their shelf life. Previous
studies examined the moisture sorption and plasticity characteristics of biscuits [23] and
wafers [24] and the relationship between moisture sorption and the texture of different
baked products, such as corn cakes [25], by exploring their glass transition points as a
critical factor involved in food deterioration and shelf life. Takahashi and Fujii (Contribu-
tion 8) analyzed the rheological and processing properties of puffed brown rice, barley,
adlay, and amaranth by assessing alterations in the breaking behavior, monomolecular
adsorption, moisture content, and glass transition points to evaluate the effects of moisture
absorption on their rupture properties. All puffed cereals were stored under different tem-
peratures and humidity conditions. They identified the ideal conditions for ensuring the
desired crispy texture by maintaining a humidity content of <8% and a storage temperature
of <40 ◦C.

In the case of pasta products, color plays an important role in attracting consumers
and the pasta market. Troccoli et al. (Contribution 9) analyzed the traits involved in color
expression, such as carotenoid pigments, yellow and brown indices, and oxidative enzymes
such as lipoxygenase, responsible for pigment loss that occurs during pasta-making [26,27],
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and peroxidase and polyphenoloxidase, which influence brown hue, negatively affecting
yellowness [28]. This study was carried out in semolina and pasta produced from eighteen
durum wheat genotypes grown in eight environments. After processing, a decrease in the
yellowness, measured both as the carotenoid pigment content and the yellow index, was ob-
served, with a slight increase in the brown index. A multiple regression analysis performed
on semolina traits demonstrated that the semolina yellow index was the main predictor
for pasta color, while enzyme activities did not emerge as having a determining role. As
a significant effect of genotype, environment, and their interaction was demonstrated on
all traits investigated, to identify the genotype/environment that better combine all traits
that positively (carotenoid pigment content and yellow index) or negatively (oxidative
enzyme activities and brown index) influence color expression, the High-Performance
Index tool, developed by Troccoli et al. [29], was applied. This information is very useful
to predict final pasta color and perform suitable durum wheat breeding programs for
its improvement.

With growing demand for functional, natural, and low-calorie ingredients, extensive
research is being carried out to identify novel components that can be useful in the enrich-
ment of formulations for various cereal-based products. Functional ingredients may also
be derived from by-products or food processing waste, with the aim of sustainably using
natural resources, providing additional economic benefits to food businesses fitting into a
circular economy context.

Among the different by-products, mango peel is interesting as it is rich in dietary
fiber, polyphenols, proteins and carotenoids, making it a promising source of functional
ingredients in the production of various processed foods, such as fermented beverages,
jellies, chips, pasta, biscuits, bread, and snacks [30]. Aviles et al. (Contribution 10) devel-
oped nutritious, high-quality snacks made from oats, dehydrated mango pulp, and mango
peel flour. The authors prepared ten different mixtures, each with unique combinations
and proportions of the three components. The optimal formulation able to produce the
best snack quality consisted of 44.38% oats, 5.36% mango peel, and 29.24% mango pulp.
Furthermore, they found that the low water activity (Aw) values enhanced quality stability
at room temperature, ensuring a longer shelf life. These snacks were found to be microbio-
logically safe, easy to handle, visually appealing, and capable of maintaining their shape
during market distribution.

Another example of by-product use is represented by rice bran [31]. Due to its unique
fatty acid composition and functional components, the derived oil is recommended by the
World Health Organization as one of the three major healthy edible oils, along with corn
and sesame oils. It is rich in tocopherol, γ-glutamate, phytosterol, and other unsaponifiable
substances, which have remarkable antioxidant, anti-inflammatory, cancer-preventive,
hypoglycemic, lipid-lowering, and neuroprotective effects, becoming more beneficial to
human health [32]. Rice bran is produced in large quantities annually. However, due to its
low cost and high susceptibility to spoilage (3–5 days), it is mainly used to feed animals,
while only 2–5% is used as a raw material for the production of rice bran oil for high
production costs [32]. Huang et al. (Contribution 11) investigated the nutritional value
and safety of rice bran oil. Furthermore, they have considered the stability of raw rice
bran materials and the extraction and refining processes of rice bran oil and discussed food
applications and sub-health regulations. The authors stated that a delayed stabilization
treatment of rice bran seriously affects the overall quality of rice bran oil. Compared
with traditional solvent extraction, new extraction technologies have been reported that
have improved the yield and nutritional value of rice bran oil, but most of them are
still in the basic research phase due to a lack of economical and applicable supporting
production equipment. Therefore, despite the functional value and the health benefits of
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rice bran oil, its extraction is difficult to transfer to industry, thus limiting its production
and consumption.

The articles published in this Special Issue range from the characterization and val-
orization of genetic material, from a food-chain perspective, to obtaining nutritionally
superior cereal-based products suitable for target consumers in a sustainability perspective.
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Abstract: The technological and nutritional traits of food-grade sorghum hybrids, hulled/naked oat
varieties and maize genotypes of different colors were studied for novel and healthier gluten-free
foods. Oat genotypes showed the highest protein content, followed by maize and sorghum. The
total starch and the total dietary fiber content were quite similar among the three species. Great
variation was found in the amylose content, and the highest was in sorghum (27.12%), followed by
oat 16.71% and maize 10.59%. Regarding the pasting profile, the rank of Peak Viscosity was sorghum
(742.8 Brabender Unit, BU), followed by maize (729.3 BU) and oat (685.9 BU). Oat and sorghum
genotypes had similar average breakdown (407.7 and 419.9 BU, respectively) and setback (690.7
and 682.1 BU, respectively), whereas maize showed lower values for both parameters (384.1 BU
and 616.2 BU, respectively). The total antioxidant capacity, only in maize, significantly correlated
with total flavonoid, phenolic and proanthocyanidin contents, indicating that all the measured
compounds contributed to antioxidant capacity. The study indicated the importance of sounding
out the nutritional and technological characteristics of gluten-free cereals in order to select suitable
cultivars to be processed in different gluten-free foods with better and healthier quality.

Keywords: gluten-free; pasting properties; antioxidant activity; pigmented maize; food grade
sorghum; oat

1. Introduction

In the last 50 years, an increasing trend in the incidence of coeliac disease (CD) has
been observed, but at present, a lifelong, strict gluten-free diet is the only effective treatment.
However, lifelong gluten exclusion from the diet may have a negative impact on the quality
of life of CD patients [1]. Furthermore, nutritional complications are frequent, as gluten-free
food is often rich in lipids and poor in vitamins, antioxidants and fibers [2]. There is an
increasing interest in the search for gluten-free cereal species with good baking performance
suitable for the diet of CD patients [3], but insufficient information is available to identify
genotypes for obtaining gluten-free pasta of good acceptability and technological quality [4].
The rheological properties of doughs could be used as a tool to select appropriate raw
materials and investigate their behavior under different transformation processes in terms
of suitable product formulation. Among the gluten-free cereal species, sorghum, oat and
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maize represent valuable raw materials for the development of products with improved
nutritional value.

Sorghum (Sorghum bicolor L.) is the fifth cereal crop worldwide, and it is considered
among the species that could ensure global food security in the climate change scenario.
Besides its easy adaptability to a wide range of growing conditions, being a C4 plant,
sorghum has higher photosynthetic nitrogen- and water-use efficiencies than C3 plants,
hence good tolerance to drought, which is expected to increase in the future. Sorghum, like
other cereals, is an excellent source of starch and proteins. It represents the major staple
food crop for a fair share of the populations living in the semi-arid tropics [5], whereas in
Western countries, it is mainly intended for feed and ethanol production. In recent years,
the interest in sorghum for human foods has increased due to its nutritional characteristics,
such as the presence of bioactive compounds (especially flavonoids), oligo-elements (mainly
magnesium and manganese) and fatty acid profile (omega 6 and 3). Moreover, the low
glycaemic index and the absence of gluten make it beneficial to diabetics and safe for people
affected by celiac disease or gluten intolerances [6]. Around the world, it is consumed
as porridges, bread, cookies, tortillas, extruded products and beverages [7], and in recent
years it has been processed into noodles and pasta [8,9].

Oat (Avena sativa L.) is the seventh cereal crop worldwide, but with a general decreas-
ing trend [10]; in particular, in Western Europe, the area dedicated to oat has halved in the
last 30 years. Oat is rich in substances beneficial to the human body, vitamin E (tocols),
phytic acid, phenolic compounds and avenanthramides are the most abundant antioxi-
dants, but flavonoids and sterols are also present. These compounds are concentrated in
the outer layers of the seed [11]. The introduction of oats in the formulation of GF products
is very recent, and the AIC (Associazione Italiana Celiachia) [12] has fully included it in the
gluten-free cereals. In addition to the antioxidants listed above, the richness of beta-glucans
and insoluble fiber represent functional compounds that, in the formulation of GF products,
can make a significant contribution to improving the health quality of these foods. Several
studies have indicated that the prevalence of celiac disease in patients with type 1 diabetes
mellitus (T1DM) is between 3 and 10%, which is more than ten times the prevalence in the
general population [13]. Both diseases result from a complex interaction between genetic
susceptibility and environmental exposure, being associated with the major histocompati-
bility complex class II antigen DQ2 and sharing non-HLA loci [14]. These insights make
the need to develop low glycemic index foods more compelling.

Maize (Zea mays L.) is one of the most important crops cultivated worldwide due to
its huge versatility and multiple uses such as food, forage and industrial purposes. In
Latin America, Asia and Africa, it is used for the preparation of traditional foods [15],
but in recent years, in Western countries, the use of this crop for gluten-free foods has
increased due to the increase in consumption of GF foods. Maize is a good source of starch,
proteins and lipids, and it also contains several bioactive compounds that are important for
human health [16]. The different types of maize are characterized by a grain color varying
from white to yellow, pink, red, blue or black. Pigmented maize contains many secondary
metabolites, such as phenolic compounds, anthocyanins, carotenoids and tocols [17,18]. The
principal distinction between blue and purple maize varieties is the different localization in
the distribution of anthocyanins. In purple maize varieties, these flavonoids are localized
most abundantly in the pericarp of the kernel, while blue varieties typically produce
anthocyanins in the aleurone [19]. Because the content of proteins and antioxidants in
traditional GF flours is low, the use of nutrient and dietary fiber-rich ingredients has been
proposed to improve the nutritional quality of such foods [20]. Therefore, the aim of
this study was to analyze the technological, biochemical, and nutritional characteristics
of twenty-six genotypes of food-grade sorghum, oat and maize in order to find eligible
genotypes for developing novel and healthier gluten-free products.
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2. Materials and Methods

2.1. Plant Material

Seeds and flours of food grade/zootechnical use hybrids of sorghum, genotypes of
naked/hulled seed of oat with both clear and colored glumes, and white/pigmented maize
genotypes, were analyzed.

Oat, maize and sorghum genotypes were derived from seed collections of CREA
Research Centre for Cereal and Industrial Crops, Foggia and Bergamo and Research Centre
for Engineering and Agro-food Processing of Rome, respectively. In particular, were
analyzed: (i) one sorghum genotype for zootechnical use (cultivar Aralba, RV-Venturoli,
Bologna, Italy), four food-grade hybrids PSE7431, PSEAG4E44, DMS (Padana Sementi
Elette, Padova, Italy), Diamond (APSOV Sementi, Voghera, PV, Italy), and three Bolivian
food-grade hybrids SW6129, SW6143W, SW6237W (SemWest Semillas, LaPaz Bolivia);
(ii) six naked oat genotypes (Abel, Konradin, Kripton, Kynom, Lexic and Terra) and
three hulled genotypes (Corneil, Genziana and Nigra); (iii) two maize Bolivian landraces,
Hualtaco (white) and Kully (purple), collected in the frame of International Cooperation
Project (P.S.G.O. km0 Bolivia), four Italian landraces VA116W and VA522W (white) VA
572 (yellow), VA1268 (red), and three pigmented genotypes VA116 (purple), VA522 (blue)
and VA572 (black), the latter three obtained by crossing VA116W, VA522W, VA572 with
germplasm of Bolivian origin “Kully”, Mexican “Azul” and Spanish “Millo Corvo”.

2.2. Chemical and Physical Characterization

All samples were milled to whole meal flour using a laboratory mill (Retsch ZM 200
Haan, Dusseldorf, Germany) at 12,000 rpm and 0.5 or 1.0-mm sieve, depending on the
requirements of each analysis. All analyses were performed in triplicate. The sample
moisture was measured using a thermobalance (Sartorius MA 40, Goettingen, Germany) at
120 ◦C just before the chemical analyses in order to express all data on a dry weight basis
(dw). Protein content was measured according to the ICC 105/2 method [21]. Factors of
6.25 for sorghum and maize and 5.83 for oats were used to convert nitrogen to protein [22].
Total and resistant starch (TS and RS) content were determined by enzymatic method using
the Megazyme (Bray, Dublin, Ireland) kits K-TSTA and K-RSTAR according to AOAC
methods 996.11 [23] and 2002.02 [24], respectively. Amylose content was determined using
the Megazyme Amylose/Amylopectin assay kit K-AMYL. The content of total dietary
fiber (TDF) was measured using an enzymatic kit for fiber determination (Bioquant, Merck,
Darmstadt, Germany) according to the AOAC Official Method 991.42 [25]. Protein, TS, RS,
TDF and Amylose content were expressed as percentage w/w on dry weight basis. The
methods ISO 520:2010 [26] and ISO 7971-1:2009 [27] were used to determine the thousand
kernel weight (TKW) and test weight (TW). The β-glucan content was determined by
enzymatic method according to AOAC Method 995.16 [28].

2.3. Total Flavonoid, Phenolic, Proanthocyanidin Contents and Antioxidant Capacities

Phenolic compounds were extracted according to Beta et al. [29], with minor modifica-
tions. The samples (1 g), ground with a 1.0 mm– sieve, were extracted using 8 mL methanol
acidified with 1N HCl (80:20; v/v) for 30 min in an ultrasonic bath (BRANSONIC 2200,
Branson, Danbury, NY, USA). The mixtures were centrifuged at 1000× g for 15 min and
were used for the determination of the total phenolic content (TPC), total proanthocyanidin
content (TPAC), total flavonoid content (TFC) and total antioxidant capacity (TAC) by
ABTS assay.

Determination of total phenolic content was performed according to the procedure
described by Singleton and Rossi [30]. Ferulic acid was used as the standard, and the
data were expressed in mg ferulic acid equivalents (FA) per g of dry matter. A calibration
curve was prepared by using increasing concentrations of ferulic acid (Sigma-Aldrich,
Milano, Italy).

The total proanthocyanidin content (TPAC) was determined according to the modified
vanillin assay [31] and expressed in mg catechin equivalents (CE) per g of dry matter.
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The total flavonoid content (TFC) was determined according to Eberhardt et al. [32],
using catechin as standard. Data were expressed in mg catechin equivalents (CE) per g of
dry matter.

The measure of total antioxidant capacity (TAC) was determined according to Re et al. [33],
with some modifications. ABTS (2,2-azino-bis-[3-ethylbenzothiazoline 6-sulphonic acid])
was dissolved in water at a 7 mM concentration. ABTS radical cation was produced, al-
lowing the reaction of the ABTS stock solution with potassium persulfate (2.45 mM, final
concentration) for 16 h in the dark and at room temperature before use. ABTS radical
cation solution was diluted with ethanol to an absorbance of 0.70 ± 0.02 at 734 nm. The
antioxidant capacity was expressed as Trolox equivalent antioxidant capacity (TEAC) in
mmol of Trolox equivalents (TE)/kg sample on a dry matter basis.

2.4. Micro-Visco Amylograph Analysis

Pasting properties of the finely ground cereal samples (<0.5 mm) were measured
using a micro visco-amylograph (Brabender OHG, Duisburg, Germany) according to
Marengo et al. [34] with slight modifications. Fifteen grams (on a 14% moisture basis) of
oat, maize or sorghum were suspended in 100 mL of distilled water and heated in the visco-
amylograph by using the following time-temperature profile: heating from 30 up to 95 ◦C
at a rate of 3 ◦C/min, holding at 95 ◦C for 20 min, cooling to 30 ◦C at a rate of 3 ◦C/min
under constant stirring (250 rpm). The torque measuring range was 300 cmg. The viscosity
was expressed in Brabender units (BU). The parameters resulting from this analysis were:
pasting temperature (PT), defined as the minimum temperature for cooking the flour; peak
viscosity (PV), defined as the highest viscosity reached during heating; peak temperature
reached at PV, breakdown (BD), which represents the difference between the viscosity at
the peak and at the minimum, setback, defined as the difference between the viscosity at
the end of cooling period and the minimum viscosity at the start of cooling period.

2.5. Statistical Analyses

Replicated results were expressed as mean ± standard deviation. A one-way analysis
of variance was performed with the MSTATC program (Michigan State University, East
Lansing, MI, USA), followed by the Duncan multiple range test for a post-hoc comparison
of means, applied to assess significant differences (p ≤ 0.05) for each considered parameter.
Correlation analysis between the parameters was performed by using Past software (4.03
free version) through Pearson’s r coefficient (p ≤ 0.05).

3. Results and Discussion

3.1. Physical and Nutritional Traits
3.1.1. Thousand Kernel Weight

Thousand kernel weight (TKW, Table 1) is an important technological parameter,
playing a large role in flour yield at milling [35]. Little variability was found amongst
sorghum hybrids, with a mean value of 23.26 g; the minimum and the maximum values
were observed in PSE7431 (21.30 g) and DMS (25.62 g), respectively. These values were
similar to those reported by Galassi et al. [36] and fell in the range found by Aruna et al. [37],
who analyzed 60 sorghum genotypes amongst germplasm, cultivated and parental lines of
the hybrids. Oat genotypes exhibited TKW values ranging from 23.70 g (Genziana, hulled
genotype) to 12.55 g (Kripton, naked genotype); the average TWK was 16.49 g and 21.78 g
for naked and hulled genotypes, respectively. This variability was partially ascribable to
the presence of husks in hulled genotypes but also to the minus kernel weight, typically
of naked genotypes, as ascertained also by Buerstmayr et al. [38] in a large collection of
120 oat genotypes. Maize genotypes showed great variability in TKW values, ranging from
a minimum of 246.0 g (VA116W) to a maximum of 741.5 g (Hualtaco), with an average of
375.7 g.
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Table 1. Technological and nutritional traits of the twenty-six genotypes of sorghum, oat and maize.

SAMPLES

TKW Protein TDF β-Glucan RS TS Amylose
(g) (%) (%) (%) (%) (%) (%)

Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd

SO
R

G
H

U
M

Aralba 24.33 ab 1.82 10.62 c 0.19 9.40 c 0.55 n.d. 0.48 e 0.05 69.49 c 0.35 23.90 b 0.87
Diamond 23.76 ac 0.20 12.68 a 0.04 10.89 c 0.21 n.d. 0.40 e 0.01 57.77 f 0.98 26.51 b 3.28

DMS 25.62 a 0.20 11.56 b 0.03 11.41 b 0.22 n.d. 0.44 e 0.00 73.04 ab 0.97 26.56 b 3.18
PSEAG4E44 22.00 bc 0.50 9.44 ef 0.18 12.21 a 0.18 n.d. 0.51 e 0.02 65.57 e 1.49 54.40 a 2.84

PSE7431 21.30 c 2.30 9.80 de 0.11 11.75 ab 0.06 n.d. 0.66 d 0.05 67.02 de 1.11 16.83 c 1.21
SW6129 22.93 bc 0.70 9.20 f 0.36 8.52 f 0.33 n.d. 2.32 a 0.10 69.19 cd 1.18 27.37 b 0.92

SW6143W 22.7 0 bc 1.50 10.91 c 0.46 10.22 d 0.40 n.d. 1.48 c 0.09 72.22 b 1.38 15.64 c 1.74
SW6237W 23.47 abc 1.72 9.90 d 0.39 8.23 f 0.66 n.d. 2.02 b 0.12 74.88 a 0.12 25.75 b 4.79

Means ± SE 23.26 ± 1.72 10.51 ± 1.15 10.33 ± 1.44 1.04 ± 0.75 68.65 ± 5.18 27.12 ± 11.68

O
A

T

Abel 15.60 f 0.42 13.42 e 0.06 9.84 ce 0.33 3.97 b 0.10 0.51 bc 0.00 51.65 d 0.25 17.11 c 0.44
Corneil 19.75 c 0.07 17.00 a 0.00 10.11 cd 1.21 4.63 a 0.16 0.52 b 0.00 53.58 cd 1.24 16.64 c 0.23

Genziana 23.70 a 0.14 13.18 f 0.03 10.03 ce 0.03 3.07 cd 0.59 0.51 bc 0.00 60.67 a 0.83 15.37 c 1.70
Konradin 20.10 c 0.28 13.65 d 0.02 9.75 ce 0.39 3.07 cd 0.25 0.48 de 0.00 61.38 a 1.76 16.45 c 1.72
Kripton 12.55 g 0.07 13.55 de 0.02 11.38 b 0.01 3.01 cd 0.21 0.53 b 0.01 59.96 ab 1.02 28.98 b 1.01
Kynom 18.55 d 0.07 13.71 d 0.03 8.89 e 0.34 2.52 d 0.11 0.47 e 0.00 56.57 bc 3.66 8.88 d 0.59
Lexic 16.45 e 0.07 13.40 e 0.06 8.91 de 0.96 3.18 c 0.04 0.55 a 0.01 56.94 bc 0.97 7.08 d 1.13
Nigra 21.90 b 0.14 14.17 c 0.13 10.79 bc 0.44 2.76 cd 0.13 0.50 cd 0.01 58.91 ab 1.34 32.78 a 5.01
Terra 15.70 f 0.14 14.52 b 0.17 14.25 a 0.20 4.80 a 0.23 0.48 de 0.00 55.16 c 1.08 7.12 d 1.43

Means ± SE 18.26 ± 3.40 14.07 ± 1.14 10.44 ± 1.64 3.45 ±0.82 0.50 ± 0.03 57.20 ± 3.44 16.71 ± 8.91

M
A

IZ
E

Hualtaco 741.50 a 2.1 6.93 i 0.13 8.19 b 0.88 n.d. 0.08 b 0.01 70.91a 0.01 11.27 b 2.58
Kully 322.00 d 1.4 7.98 h 0.14 9.77 a 0.34 n.d. 0.21 a 0.07 70.67 a 1.12 10.72 b 2.95

VA 116 W 246.00 h 1.4 10.99 e 0.06 10.90 a 0.39 n.d. 0.15 ab 0.01 64.34 c 0.69 21.64 a 0.89
VA 116 W

Purple 305.50 e 2.1 13.35 a 0.06 10.16 a 0.33 n.d. 0.24 a 0.07 66.65 bc 2.22 8.26 b 0.32

VA 1268
Red 421.50 b 2.1 11.87 d 0.12 10.60 a 0.66 n.d. 0.18 a 0.01 67.00 bc 0.83 6.33 b 0.68

VA 522 W 355.50 c 2.1 13.01 b 0.10 9.43 ab 0.42 n.d. 0.17 ab 0.06 66.74 bc 0.04 10.35 b 3.46
VA 522 W

Blue 422.50 b 2.1 10.01 f 0.08 8.12 b 1.19 n.d. 0.23 a 0.02 71.09 a 2.17 10.30 b 1.66

VA 572 286.50 f 2.1 12.34 c 0.05 10.70 a 0.64 n.d. 0.17 ab 0.01 69.18 ab 2.31 8.61 b 1.08
VA 572
Black 280.00 g 1.4 9.38 g 0.10 10.32 a 0.09 n.d. 0.24 a 0.02 71.64 a 2.62 7.80 b 1.81

Means ± SE 375.70 ± 145.6 10.70 ± 2.19 9.80 ± 1.11 0.18 ± 0.06 68.69 ± 2.77 10.59 ± 4.55

Results presented in the table are expressed as the mean value and standard deviation (SD) for three replica-
tions. Different letters in the same column indicate significant differences at p ≤ 0.05. sd = standard deviation;
SE = standard error of mean; TKW = Thousand kernel weight; TDF = Total Dietary Fibre; RS = Resistant Starch;
TS = Total Starch; n.d. = not determined.

3.1.2. Proteins

Besides their nutritional properties, proteins are important for the processing apti-
tude of cereals as they contribute, with the amylose and amylopectin chains, to giving
a better texture to gluten-free products [39,40]. Among the three species analyzed, oat
genotypes showed, on average, the highest protein content (14.07%), ranging from 13.18%
to 17.00% observed in Genziana and Corneil, respectively (Table 1). Maize exhibited a
mean value of 10.70% and ranged from 6.93% to 13.35% in Hualtaco and VA116 purple,
respectively. Sorghum hybrids presented a mean value of 10.51% and ranged from 9.20%
to 12.68% in PSE7431 and Diamond, respectively. It is also noteworthy that maize hybrids
revealed huger variability when compared to both sorghum hybrids and oat genotypes for
this parameter.

3.1.3. Total Dietary Fiber and β-Glucans

High dietary fiber intake is associated with health benefits for the intestine, and fiber
content should be taken into the right consideration in gluten-free cereals alternative to
the more diffused refined rice (average TDF content reported in literature is 0.5%) for the
manufacturing of gluten-free foods, since a long-term food choice of individuals following
a strict gluten-free diet often resolved in not sufficient fiber intake, anyway generally
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under the recommended daily allowance (RDA = 25 g/die for an adult) [41]. On average,
total dietary fiber content was quite similar amongst the three cereal species (Table 1),
but a fair variability was observed, especially in sorghum hybrids and oat genotypes.
Moreover, the high content of TDF in our samples of maize could be ascribable to the
milling process adopted in our study, i.e., whole grain, and it was comparable with the
study performed on whole grain maize by Blandino et al. (2017), who found about 11%
TDF in their genotypes [42]. It should be noted that in oats, a certain amount of β-glucan
also contributes to the TDF content. Indeed, β-glucan is a component of the soluble fiber,
which plays a major role in a number of the putative health benefits attributed to oat and
barley products, mainly the reduction of blood glucose and -cholesterol [43]. In addition to
their health-promoting properties, β-glucans are used as thickeners, emulsifiers and fat
substitutes in foods, which is of crucial importance mainly in the manufacturing of GF
products. The β-glucan mean content was 3.45%, and the highest significant content was
measured in Terra (4.80% naked genotype) and Corneil (4.63% hulled genotype). In maize
and sorghum, the level of β-glucan was under the limit of the detection of the method.

3.1.4. Starch Characterization

Maize and sorghum hybrids had similar total starch contents (TS), 68.69% on average,
about 10 percentage points more than oat genotypes (Table 1); in particular, the highest TS
content (74.88%) was detected in the SW6237W sorghum hybrid, whereas the lowest was
recorded in oat cultivar Abel (51.65%). The high total starch content of sorghum and maize
hybrids makes these cereals a valuable alternative raw material to produce highly nutritious
gluten-free foods or for the extraction of starch and derivatives for industrial purposes.

Because of the health benefits related to foods with increased resistant starch (RS)
and decreased glycemic index, there is a growing interest in developing foods with higher
resistant starch contents, even if a very high amount of resistant starch could affect the
digestibility of foods and intestinal functions [44]. RS content in all the gluten-free cereals
analyzed was found below the quantification limit of the method (2%). Nevertheless,
sorghum exhibited the highest average content (1.04%), followed by oat (0.50%) and maize,
with very low values (0.18%). The highest content of RS was observed in the Bolivian SW
sorghum samples, with an average of almost 2% (Table 1).

The same trend was observed for the amylose content, the highest values being
reported in sorghum hybrids, on average 27.12%, followed by oat (16.71%) and maize
(10.59%), confirming the positive correlation between RS and amylose content, as previously
observed by Biselli et al. [45] in rice.

3.1.5. Pasting Properties

Starch functionality in foods is determined by amylose and amylopectin and the phys-
ical organization of these macromolecules into the granular structure [46]. Amylopectin,
with its multiple branched chains of (1–4)-α-glucans interlinked by (1–6)-α-linkages, is
the major component of starch, with the unbranched amylose accounting for the minor
fraction. These two components have different solubility, with amylopectin being more
soluble than amylose [47]. The micro-visco amylograph analysis mimics the cooking pro-
cess and, thus, allows the measurement of the pasting properties of a flour-water mixture
during continuous heating and mixing for a given period. The pasting profile provides a
very important indication of the structural changes affecting the starch granules during
gelatinization and retrogradation.

Sorghum had the highest mean value of the pasting temperature (PT) (Table 2)
(74.1 ◦C), followed by maize (71.5 ◦C) and oat (60.1 ◦C); consequently, oat flours required
less energy to cook than the other two species. Generally, lower PT relates to a lower degree
of swelling of starch granules and lower starch content [48]. Observing the rank obtained,
the lowest value of oat is found as this species showed the lowest starch content (TS),
counterbalanced with the highest protein content (Table 1). The rank of the tree species
of the mean value for the peak viscosity was the same as observed for PT (Table 2). The
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highest mean value was recorded in sorghum at 742.8 (BU), followed by maize at 729.3 (BU)
and oat at 685.9 (BU). Among sorghum genotypes, a great variability was found, and
Diamond, SW6129 and SW6237W showed the highest significant values, more than 800 BU,
while PSE7431 showed the lowest value (512.5 BU). High peak viscosity is recognized as
the marker of starch gelatinization intensity [49]. Therefore, SW6129 and SW6237W hybrids
that have the highest PV and setback could be appreciable for food products that request
stable thickening after heating and cooling, like in sauces production. On the contrary,
PSEAG4E44, with low PV and setback, is more suitable for baking goods because the gel is
not too hard and less inclined to water separation, thus having a longer shelf life (i.e., less
staling). The mean value of viscosity of the breakdown was 419.9 BU, and six genotypes
showed no statistical difference; conversely, the highest value was found in PSEAG4E44
(505 BU), and the lowest was in PSE7431 (350.5 BU). The breakdown provides information
about the rigidity or fragility of swollen starch granules, and it is an index of paste stability
during cooking. Accordingly, out of 7 sorghum genotypes analyzed, six had similar starch
resistance to mechanical and thermal stresses, and only PSEAG4E44 had different behavior,
confirming good pasting properties.

Table 2. Micro Visco Analyzer parameters of the twenty-six genotypes of sorghum, oat and maize.

SAMPLES

Pasting Temperature Peak Viscosity Breakdown Setback

(◦C) (BU) (BU) (BU)

Mean sd Mean sd Mean sd Mean sd

SO
R

G
H

U
M

Aralba 76.50 a 0.57 754.50 ab 130.8 421.50 b 115.3 671.50 cd 67.2
Diamond 76.45 a 0.49 822.50 a 40.3 435.50 b 70.0 687.50 bc 34.6

DMS 76.90 a 0.00 766.00 ab 69.3 431.50 b 71.4 646.50 d 61.5
PSEAG4E44 65.20 d 0.14 697.50 b 136.5 505.00 a 121.6 611.50 e 43.1

PSE7431 73.50 c 0.28 512.50 c 98.3 350.50 c 72.8 699.50 abc 64.3
SW6129 74.85 b 0.07 808.00 a 90.5 406.00 b 99.0 706.50 abc 27.6

SW6143W 74.75 b 0.35 768.00 ab 91.9 407.00 b 84.9 725.00 a 31.1
SW6237W 74.85 b 0.92 813.00 a 80.6 402.50 b 84.1 708.50 ab 44.5

Means ± SE 74.13 ± 3.67 742.80 ± 120.8 419.90 ± 79.0 682.10 ± 50.9

O
A

T

Abel 61.56 ab 0.76 595.00 cd 7.1 404.00 bc 5.7 710.00 ab 7.1
Corneil 58.65 bc 1.20 617.00 cd 8.5 423.00 b 24.0 705.50 ab 43.1

Genziana 50.65 d 3.75 932.50 a 46.0 548.00 a 32.5 671.50 ab 60.1
Konradin 62.25 ab 0.21 591.50 cd 87.0 353.00 bc 60.8 637.00 b 53.7
Kripton 66.15 a 0.35 752.00 b 53.7 429.00 b 17.0 588.50 b 48.8
Kynom 65.45 a 1.91 683.00 bc 33.9 372.00 bc 41.0 646.50 ab 40.3
Lexic 58.55 bc 1.20 532.50 d 37.5 333.50 c 48.8 802.00 a 137.2
Nigra 54.45 cd 1.77 782.50 b 0.7 431.00 b 8.5 656.50 ab 46.0
Terra 62.90 ab 5.66 687.50 bc 60.1 375.50 bc 20.5 798.50 a 34.6

Means ± SE 60.07 ± 5.24 685.90 ± 123.4 407.70 ± 65.8 690.70 ± 83.1

M
A

IZ
E

Hualtaco 67.15 d 1.20 1204.5 a 101.1 708.00 a 75.0 439.50 b 245.4
Kully 67.25 d 1.48 736.5 bd 115.3 498.00 b 70.7 588.50 ab 4.9

VA 116 W 72.45 b 0.49 784.5 bc 34.6 411.00 bc 32.5 683.50 ab 36.1
VA 116 W

Purple 74.55 a 0.21 666.5 ce 30.4 342.00 ce 21.2 684.00 ab 125.9

VA 1268 Red 73.50 ab 0.42 735.5 bd 57.3 369.00 cd 52.3 646.00 ab 38.2
VA 522 W 73.45 ab 0.35 633.5 de 72.8 268.50 df 61.5 670.50 ab 88.4
VA 522 W

Blue 70.65 c 0.49 837.0 b 59.4 420.00 bc 8.5 647.00 ab 38.2

VA 572 74.50 a 0.28 553.5 e 57.3 203.00 f 25.5 715.00 a 29.7
VA 572 Black 69.75 c 1.06 412.5 f 12.0 237.00 ef 15.6 472.00 ab 11.3
Means ± SE 71.47 ± 2.88 729.3 ± 218.4 384.10 ± 153.2 616.20 ± 119.3

Results presented in the table are expressed as the mean value and standard deviation (SD) for three replica-
tions. Different letters in the same column indicate significant differences at p ≤ 0.05. sd = standard deviation;
SE = standard error of mean; BU = Brabender Unit.
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In oat, high variability was found for PV and Genziana and Nigra (hulled genotypes)
had the highest value (932.5 and 782.5 BU, respectively). Among the naked genotypes,
Kripton, Kynom and Terra recorded the best values (752.0, 683.0 and 687.5 BU, respectively).
Despite the highest mean value of the breakdown (407.7 BU), a narrow variability among
genotypes was found, and the highest value was in Genziana (548 BU). Setback indicated
that the highest value was for Terra and Lexic (798.5 and 802.0 BU, respectively). Accord-
ingly, Genziana could be used for sauce because of its high hot viscosity and cold viscosity.
Terra and Lexic could be interesting for GF pasta as the high value of setback. Conversely,
Kripton, with a lower retrogradation degree, could be more apt for baking goods. In maize,
great variability among genotypes was observed for pasting temperature and the highest
significant value was found for the genotype VA 572 (74.5 ◦C) and the lowest for Kully and
Hualtaco (67.25 and 67.15 ◦C, respectively). Regarding the PV, high variability was found,
and the best values were found for Hualtaco, which showed the highest PV with respect to
all the genotypes of the three species (1204.5 BU). This behavior indicates that Hualtaco,
a white genotype of Andean origin, requires a short time for cooking and reaches a high
viscosity with respect to all other genotypes of this study, but with less stable starch (high
BD) and thus, not suitable for food preparation. The maize mean value of the breakdown
was 384.1 BU and was the lowest in comparison to oat and sorghum. Generally, a low
value of BD is associated with great stability of starch granules and a decrease in the rate of
collapsing of starch granules. In this view, VA572 black could be interesting because of its
low breakdown and setback and because it is suitable for baking goods.

3.1.6. Antioxidant Profile

Amongst the species analyzed, sorghum hybrids showed the lowest total flavonoid
content (TFC), with an average value of 0.44 mgCE/g (Table 3). The highest and the lowest
content occurred in PSE7431 and SW6129 (Bolivian genotype), respectively, with an average
value of 0.85 mgCE/g and 0.31 mgCE/g, respectively. Statistical analysis showed that TFC
observed in Aralba, Diamond, DMS and SW6237W were very similar. Regarding the total
polyphenol content (TPC), the average value observed in sorghum was 2.03 mgFA/g. It is
still found that PSE7431 was the genotype with the highest polyphenol content, with an
average value of 2.59 mgFA/g. The lowest TPC content was observed in DMS, with an
average value of 1.67 mgFA/g. The proanthocyanidins (TPAC) are oligomers and polymers
of flavan-3-ol monomer units, and they have potent antioxidant activities. The role of
these compounds is to protect against oxidative stress that is induced by free radicals by
increasing the capacity of the cell for the absorbing of such oxygen radicals, which prevents
the generation of free radicals, stimulates the detoxification enzymes, decreases lipid
peroxidation, and reduces cell proliferation [50]. For this parameter, the greatest variation
was observed, and five sorghum genotypes showed low TPAC levels that ranged between
0.01 mgCE/g in DMS and 0.53 mgCE/g in SW6237W. Aralba and SW6143W showed values
ranging between 1.81 mgCE/g and 3.19 mgCE/g, respectively, whereas PSE7431 reached
the highest content (17.07 mgCE/g). The average TPAC content of sorghum was the highest
(2.93 mgCE/g) with respect to oat (1.06 mgCE/g) and maize (0.55 mgCE/g). Moreover,
sorghum hybrids showed the highest TAC compared to oats (three times higher) and maize
hybrids (about 23% higher), with an average content of 35.20 mmol TEAC/kg. The highest
and lowest antioxidant capacity occurred in PSEAG4E44 and PSE7431, respectively, with
an average value of 44.38 and 26.89 mmolTEAC/kg, respectively.
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Table 3. Total flavonoid, phenolic, proanthocyanidin contents and antioxidant capacities of the
twenty-six genotypes of sorghum, oat and maize.

SAMPLES

TFC TPC TPAC TAC (ABTS)

(mgCE/g) (mgFA/g) (mgCE/g) (mmol TE/Kg)

Mean sd Mean sd Mean sd Mean sd

SO
R

G
H

U
M

Aralba 0.35 cd 0.01 1.87 cd 0.07 1.81 c 0.01 31.66 cd 0.90
Diamond 0.33 cd 0.00 1.77 de 0.04 0.11 f 0.03 30.57 d 0.01

DMS 0.34 cd 0.03 1.67 e 0.02 0.01 f 0.01 34.68 c 1.16
PSEAG4E44 0.45 bc 0.01 2.26 b 0.04 0.67 d 0.11 44.38 a 2.71

PSE7431 0.85 a 0.02 2.59 a 0.17 17.07 a 0.02 26.89 e 2.07
SW6129 0.31 d 0.04 1.70 de 0.04 0.08 f 0.03 43.77 a 0.13

SW6143W 0.54 b 0.17 2.41 b 0.08 3.19 b 0.02 31.53 cd 0.39
SW6237W 0.38 cd 0.04 1.96 c 0.01 0.53 e 0.02 38.15 b 1.03

Means ± SE 0.44 ± 0.18 2.03 ± 0.33 2.93 ± 5.56 35.20 ± 6.13

O
A

T

Abel 1.50 a 0.00 1.77 a 0.06 0.99 bc 0.04 11.94 b 0.32
Corneil 0.97 fg 0.12 1.62 b 0.04 1.28 a 0.07 13.01 a 0.09

Genziana 1.22 cd 0.08 1.39 cd 0.02 0.86 c 0.11 12.19 b 0.04
Konradin 1.30 bc 0.04 1.46 c 0.05 1.17 ab 0.08 11.65 b 0.37
Kripton 1.11 de 0.00 1.42 c 0.05 1.01 bc 0.01 11.69 b 0.43
Kynom 0.94 g 0.08 1.31 d 0.03 1.04 bc 0.18 10.48 c 0.21
Lexic 1.42 ab 0.04 1.57 b 0.00 1.03 bc 0.11 11.65 b 0.13
Nigra 1.08 ef 0.04 1.31 d 0.03 1.04 bc 0.05 11.65 b 0.23
Terra 1.36 b 0.04 1.56 b 0.05 1.11 ab 0.00 11.78 b 0.12

Means ± SE 1.21 ± 0.20 1.49 ± 0.15 1.06 ± 0.13 11.78 ± 0.66

M
A

IZ
E

Hualtaco 1.05 g 0.16 1.29 f 0.01 0.18 d 0.01 13.32 de 0.68
Kully 29.43 a 0.28 9.63 a 0.18 2.40 a 0.19 89.16 a 7.90

VA 116 W 1.19 g 0.12 1.54 f 0.03 0.06 d 0.00 12.72 e 0.51
VA 116 W

Purple 13.28 b 0.20 3.83 b 0.22 0.61 c 0.04 40.83 b 0.06

VA 1268 Red 3.79 d 0.04 2.22 d 0.03 0.77 b 0.06 19.80 c 0.22
VA 522 W 1.70 f 0.04 1.37 f 0.11 0.14 d 0.02 10.80 e 0.20
VA 522 W

Blue 2.35 e 0.16 1.85 e 0.04 0.12 d 0.02 19.14 cd 2.13

VA 572 1.28 g 0.00 1.45 f 0.04 0.08 d 0.00 10.38 e 0.16
VA 572 Black 9.55 c 0.12 3.27 c 0.12 0.59 c 0.05 41.79 b 1.92
Means ± SE 7.07 ± 9.14 2.94 ± 2.59 0.55 ± 0.72 28.66 ± 25.04

Results presented in the table are expressed as the mean value and standard deviation (SD) for three replica-
tions. Different letters in the same column indicate significant differences at p ≤ 0.05. sd = standard deviation;
SE = standard error of mean; TFC = total flavonoid content; TPC = total phenolic content; TPAC = total proan-
thocyanidin content; TAC = total antioxidant activity; TE = Trolox equivalent; FA = ferulic acid equivalent;
CE = catechin equivalent.

The average value of TFC differed between hulled and naked oats, being 1.27 mgCE/g
and 1.08 mgCE/g, respectively, while the mean content was 1.21 mgCE/g, varying from
the highest and lowest content in Abel (1.50 mgCE/g) and Kynom (0.94 mgCE/g). Our
results were higher with respect to Meenu et al. [51], who found in a large collection of
naked and husked oat germplasm a range that varied from 0.14 mgCE/g to 0.46 mgCE/g
in naked oat, and from 0.32 mgCE/g to 0.12 mgCE/g in hulled oat. These differences in
TFC could be attributable to the great interaction with the environment, as asserted by
Menga et al. [52]. The average value observed for TPC was 1.49 mgFA/g, and little, but no
significant differences were observed between the mean content of naked (1.51 mgFA/g)
and husked (1.44 mgFA/g) genotypes. Abel was the genotype with the highest polyphenol
content (1.77 mgFA/g), and Kynom and Nigra with the lowest (1.31 mgFA/g). Similarly,
also in Meenu et al. [51] work, no differences were found in the TPC content between naked
and husked oats. It is noteworthy that TPC measured by the Folin–Ciocalteu method may
not give a full picture of the quantity and, often, of the quality of phenolic compounds
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present in the extracts. Scarce variability was observed in the TPAC, and the average value
observed was 1.06 mgCE/g, ranging between Corneil with 1.28 mgCE/g and Genziana
with 0.86 mgCE/g. No differences were observed between the mean content of naked
(1.06 mgCE/g) and hulled (1.06 mgCE/g) genotypes. The highest and lowest antioxidant
capacity occurred in Corneil and Kynom (13.01 mmol TE/kg and 10.48 mmol TE/kg, respec-
tively), and the average value observed was 11.78 mmol TE/kg. The mean content of naked
and hulled was 11.53 mmol TE/kg and 12.28 mmol TE/kg, respectively. The antioxidant
activity measured in the samples was higher than those reported by Meenu et al. [51], but
they agreed to find higher activity in the hulled genotypes compared to the naked ones. In
fact, large quantities of phenolic acids and avenanthramides, which have high antioxidant
capacity, were concentrated in hulls, as reported by Varga et al. [53]. In this study that in-
vestigated the scavenging capacity of hulls and groats separately, an increased antioxidant
activity of hulls compared to groats was demonstrated. Oat accessions showed interest-
ing values of total antioxidant capacity mainly due to the presence of avenanthramides.
Avenanthramides are a group of phenolic compounds consisting of anthranilic acid or
hydroxy anthranilic acid, and hydroxyl cinnamic acid. They are powerful antioxidants
and have also been shown to have antioxidative and anti-inflammatory effects in vivo, and
they are unique to oats.

Pigmented maize contains secondary metabolites, mainly represented by phenolics
and carotenoids [54]. Among the polyphenols, flavonoids are recognized as a source
of antioxidative, antihypertensive and anti-inflammatory activities [55]. Flavonoids are
also responsible for the pericarp color, which varies from cream to blue and encompasses
crimson and violet. The mean TFC in maize (7.07 mgCE/g) was about six times with respect
to oat (1.21 mgCE/g) and about sixteen times with respect to sorghum (0.44 mgCE/g).
The genotype with the highest flavonoid content was Kully (purple), with a value of
29.43 mgCE/g. On the contrary, Hualtaco (white) was the genotype with the lowest
flavonoid content, with an average value of 1.05 mgCE/g. No significant differences for TFC
were observed between the white (Hualtaco and VA116w) and yellow genotypes (VA572)
(Table 3). Moreover, the range observed for those genotypes was the same as previously
reported by Suriano et al. [56] of about 1.16 mgCE/g, but higher than Rodriguez-Salinas
et al. [57] in a collection of native maize genotypes from Northeast Mexico. Considering the
introduction of the new pigmented genotypes, VA116 purple, with an average content of
13.28 mgCE/g, showed the greatest increase (of about eleven times) in TFC compared to the
parental genotype VA116w (white). Indeed, purple-colored maize genotypes (Kully and
VA116w purple) had higher phenolic compounds than light- or white-colored genotypes.
Regarding the TPC, a large and significant difference was observed, with an average value
of 2.94 mgFA/g. Kully, the native purple Andean genotype, showed the highest content
with an average value of 9.63 mgFA/g, while Hualtaco, the native white Andean genotype,
had the lowest content (1.29 mgFA/g). No significant differences for TPC were observed
among the white (Hualtaco, VA116w, VA522w) and the yellow genotypes (VA572). A
similar range was found by Žilić et al. [54], indicating that the genotypes with purple
pericarp had the highest content; on the contrary, the white and yellow genotypes that have
no anthocyanin showed the lowest content. These results are consistent with our study.
Moreover, the positive effect of introgression of colored genotype in Italian maize lines
(VA116 purple, VA522 blue and VA572 black) has led to an increase in the TPC compared
to the parents of about 60%, 25% and 55%, respectively. Great variation was observed in
the TPAC (average value of 0.55 mgCE/g), ranging between Kully (2.40 mgCE/g) and
VA116w (0.06 mgCE/g). No significant differences were observed among the white-type
genotypes (Hualtaco, VA116w, VA522w) and the yellow genotype (VA572). Our results
were in accordance with the study of Suriano et al. [56] and Rodriguez-Salinas et al. [57].
The TAC measured by ABTS assay had an average content of 28.66 mmolTE/kg. Compared
to sorghum, which has an average value of 35.20 mmolTE/kg but with rather homogeneous
values between genotypes, greater variability was highlighted in maize. In this regard,
the highest TAC was detected in Kully and VA116, the purple genotypes, with values of
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89.16 and 40.83 mmolTE/kg, respectively. The lowest activity was observed in VA572
(10.38 mmolTE/kg), which was not statistically different from VA116w and VA522w, the
white and yellow genotypes. Also, for this parameter, the introgression of colored genotype
in Italian maize lines led to an increase in TAC compared to the parents (69%, 43%, and 75%,
respectively). The two Bolivian genotypes Kully (purple) and Hualtaco (white) showed
opposite antioxidant traits, with Kully having the highest levels of TFC, TPC, TPAC and
TAC while Hualtaco had the lowest values. Therefore, in accordance with the literature,
our data confirm that a darker-colored maize kernel had more antioxidant activity [54].

3.1.7. Correlations among the Different Investigated Traits

For a better understanding of the pasting properties, it must be highlighted that they
are related to the amylose content. A high amylose content limits starch swelling by forming
complexes with lipids, which in turn results in a lower peak viscosity and setback [58]. In
sorghum, this feature occurs, and a negative correlation was found between amylose and
PT (p ≤ 0.01 r = −0786). This phenomenon is explained by the low solubility of the amylose
molecule compared to amylopectin, which in turn produces the effect of lowering the
temperature required for gelatinization. Accordingly, the PT provides an indication of the
minimum temperature required to cook flour [59]. The same was not so clearly observed for
oat genotypes because the high content of beta-glucan, acting as a hydrocolloid, contributes
to increasing the viscosity [60]. Starch gelatinization was important for its capacity to
form a matrix in which the gas bubbles are entrapped, producing a crucial impact in the
gluten-free formulation of bakery products. According to Abdel-Aal [61], the addition of
gel-forming starches (for example, pregelatinized starches) is a useful means to provide
gas blockage as a stabilizing agent. Moreover, a negative and significant correlation was
detected with a setback for oat and sorghum (p ≤ 0.05 r = −0.573 and −0.608, respectively),
as previously indicated by Acquistucci et al. [62]. Thus, flours with high amylose content
develop low viscosity after heating and a low re-organization rate after the cooling period,
providing a low final viscosity. Retrogradation is linked to the increase in the consistency
or hardness of the starch [63], and in baking, this process causes the undesirable staling
process of bread during storage [64]. In GF pasta production, instead, all flours that are
more susceptible to gelatinization (PV) and retrogradation (setback) are preferable [62].

Sorghum showed a significant and negative correlation between fiber content and
peak temperature, PV and setback (p ≤ 0.05 r = −0.614, −0.556 and −0.525, respectively).
This result is consistent because the fiber interferes with the gelatinization of the starch,
causing a reduction in the parameters related to viscosity [65]. For oats, however, a positive
correlation with the peak temperature is observed (p ≤ 0.05 r = 0.493), probably due to the
specific composition of the fiber, namely high beta-glucan content.

In maize, few significant correlations were found with resistant starch (negative corre-
lation with PV, p ≤ 0.05 r = −0.553), total starch (negative correlation with PT and setback,
p ≤ 0.05 r = −0.560 and −0.550, respectively) and none with amylose. Instead, several sig-
nificant correlations between fiber and protein were found. Peak temperature and pasting
temperature positively correlated with fiber (p ≤ 0.05, r = 0.534 and 0.525, respectively) and
proteins (p ≤ 0.01 r = 0.885 and 0.960, respectively). The positive correlation between pro-
teins and fiber with pasting temperature could be explained by the effect produced by these
latter in delaying the gelation of amylose. Conversely, PV and BD negatively correlated
with proteins and fiber (p ≤ 0.05, r = −0.520 and −0.721 for proteins and r = −0.553 and
−0.547 for fiber, respectively), as previously observed by Sandhu and Singh [59], because
they form complex with amylose that in turn caused the decrease of viscosity (PV) and BD.

Regarding the total antioxidant capacity in maize, significant correlations were ob-
served with TPC, TFC, and TPAC (p ≤ 0.01, r = 0.982, 0.987 and 0.984, respectively) (On
the contrary, in sorghum, only negative and significant correlations were found between
TAC and TPAC (p ≤ 0.05 r = −0.580), whereas in oat, a significant correlation was observed
only with TPC (p = 0.05, r = 0.482). These features suggest that in maize, the analyzed
compounds contributed the most to TAC, whereas in the other two species, other bioactive
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compounds impacted the TAC levels. Moreover, a fair but significant correlation with
β-glucan in oats (p ≤ 0.01, r = 0.601) suggested that the antioxidant capacity correlated
with this soluble fiber component, located in the outermost part of the kernel [66].

4. Conclusions

According to the results of this research, we can assume that all three species possess
technological indexes suitable for food processing. Moreover, among oats and maize,
there are interesting nutritional components that could be desirable in food formulation
for improving health. Our results clearly indicated that based on the type of food to be
formulated, some identified genotypes present adequate characteristics for the formulation
of GF pasta or bakery products. In this regard, among oat genotypes, Terra and Lexic
could be interesting for GF pasta with a high value of Setback; conversely, Kripton showing
a lower retrogradation degree could be more apt for baking goods. Among sorghum
genotypes, SW6129 and SW6237W, which have the highest PV and Setback, could be
appreciable for food products that request stable thickening after heating and cooling, like
in sauces production, while PSEAG4E44 with low PV and setback, is more suitable for
baking goods. For maize, VA572 black could be interesting for its low BD and setback and
is suitable for baking goods, while Kully and VA116Wpurple are the most interesting for
TAC. Therefore, the adequate blending of whole grain flours from the different GF cereals
presented in this study could allow the manufacturing of products of good technological
and healthier nutritional quality. Furthermore, the great challenge of the nutritional and
sensorial aspects of GF products must be carefully evaluated. Finally, three different
GXE trials are ongoing in Northern, Central and Southern Italian Regions, using the
genotypes abovementioned of each species, selected for the most promising traits in terms
of technological and nutritional performance. These multi-environmental trails will allow
us to identify the effect of the area and the year of cultivation on the variability of the
nutritional and pasting properties of the three cereal species.

Author Contributions: Conceptualization, L.G. and C.F.; methodology, V.M., F.T., F.N., E.G., C.N.,
C.L. and S.P.; validation, V.M., F.T., F.N., E.G., C.N., C.L., S.P., L.G. and C.F.; formal analysis, F.T. and
E.G.; investigation, V.M., F.T., F.N., E.G., C.N., C.L. and S.P.; resources, C.F. and L.G.; data curation,
C.F. and L.G.; writing—original draft preparation, C.F. and L.G.; writing—review and editing, V.M.,
F.T., F.N., E.G., C.N., C.L., S.P., L.G. and C.F.; visualization, E.G. and F.T.; supervision, C.F. and L.G.;
project administration, C.F. and L.G.; funding acquisition, C.F. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by MASAF, project: RETI 2020. CUP: 75H21000290001.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: Pigmented maize materials were developed in the frame of International Co-
operation Project P.S.G.O. Km0 Bolivia Piccoli semi grandi opportunità, agro ecologia campesina
famigliare e filiere Km 0 in Bolivia (2018–2021) funded by AICS-Agenzia Italiana per la Cooperazione
allo sviluppo, AID 011.457.

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

References

1. See, J.A.; Kaukinen, K.; Makharia, G.K.; Gibson, P.R.; Murray, J.A. Practical insights into gluten-free diets. Nat. Rev. Gastroenterol.
Hepatol. 2015, 12, 580–591. [CrossRef]

2. Tortora, R.; Capone, P.; De Stefano, G.; Imperatore, N.; Gerbino, N.; Donetto, S.; Monaco, V.; Caporaso, N.; Rispo, A. Metabolic
syndrome in patients with coeliac disease on a gluten-free diet. Aliment. Pharmacol. Ther. 2015, 41, 352–359. [CrossRef] [PubMed]

20



Foods 2024, 13, 990

3. Picascia, A.; Camarca, M.; Malamisura, R.; Mandile, M.; Galatola, D. In celiac disease patients the in vivo challenge with the
diploid Triticum monococcum elicits a reduced immune response compared to hexaploid wheat. Mol. Nutr. Food Res. 2020,
64, 1901032. [CrossRef] [PubMed]

4. Bongianino, N.F.; Steffolani, M.E.; Morales, C.D.; Biasutti, C.A.; León, A.E. Technological and Sensory Quality of Gluten-Free
Pasta Made from Flint Maize Cultivars. Foods 2023, 12, 2780. [CrossRef]

5. Kulamarva, A.G.; Venkatesh, R.S.; Raghavan, V.G.S. Nutritional and Rheological Properties of Sorghum. Int. J. Food Prop. 2009, 12,
55–69. [CrossRef]

6. Del Giudice, F.; Massardo, D.R.; Pontieri, P.; Maddaluno, L.; De Vita, P.; Fares, C.; Ciacci, C.; Del Giudice, L. Development of
a sorghum chain in the Italian Campania Region: From the field to the celiac patient’s table. J. Plant Interact. 2008, 3, 49–55.
[CrossRef]

7. Aguiar, E.V.; Santos, F.G.; Queiroz, V.A.V.; Capriles, V.D. A Decade of Evidence of Sorghum Potential in the Development of
Novel Food Products: Insights from a Bibliometric Analysis. Foods 2023, 12, 3790. [CrossRef]

8. Xu, F.; Dube, N.M.; Han; Zhao, R.; Wang, Y.; Chen, J. The Effect of Zimbabwean Tannin-Free Sorghum Flour Substitution on Fine
Dried Noodles Quality Characteristics. J. Cereal Sci. 2021, 102, 103320. [CrossRef]

9. Galassi, E.; Gazza, L.; Nocente, F.; Kouagang Tchakoutio, P.; Natale, C.; Taddei, F. Valorization of two African typical crops,
Sorghum and Cassava, by the production of different dry pasta formulations. Plants 2023, 12, 2867. [CrossRef] [PubMed]

10. Bvenura, C.; Kambizi, L. Chapter 5—Future Grain Crops. In Future Foods; Rajeev, B., Ed.; Academic Press: Cambridge, MA,
USA, 2022.

11. Peterson, D.M. Oat Antioxidants. J. Cereal Sci. 2001, 33, 115–129. [CrossRef]
12. Associazione Italiana Celiachia (AIC). Available online: https://www.celiachia.it/dieta-senza-glutine/gestire-gluten-free-diet/

cereals-allowed/ (accessed on 13 February 2024).
13. Elfström, P.; Sundström, J.; Ludvigsson, J.F. Systematic review with meta-analysis: Associations between coeliac disease and type

1 diabetes. Aliment. Pharmacol. Ther. 2014, 40, 1123–1132. [CrossRef]
14. Smyth, D.J.; Plagnol, V.; Walker, N.M.; Cooper, J.D.; Downes, K.; Yang, J.H.; Howson, J.M.; Stevens, H.; McManus, R.; Wijmenga,

C.; et al. Shared and distinct genetic variants in type 1 diabetes and celiac disease. N. Engl. Med. 2008, 359, 2767–2777. [CrossRef]
15. Rooney, L.W.; Serna Saldívar, S.O. Food use of whole corn and dry-milled fractions. In Corn: Chemistry and Technology, 2nd ed.;

White, P.J., Johnson, L.A., Eds.; AACC: St. Paul, MN, USA, 2003; pp. 495–535.
16. Nuss, E.T.; Tanumihardjo, S.A. Maize: A paramount staple crop in the context of global nutrition. Food Sci. Food Saf. 2010, 4,

417–436. [CrossRef] [PubMed]
17. Hu, Q.P.; Xu, J.G. Profiles of carotenoids, anthocyanins, phenolics and antioxidant activity of selected color waxy corn grains

during maturation. J. Agr. Food Chem. 2011, 59, 2026–2033. [CrossRef]
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Abstract: Sorghum is a self-pollinating species belonging to the Poaceae family characterized by a
resistance to drought higher than that of corn. Sorghum (Sorghum bicolor L. Moench) has been grown
for centuries as a food crop in tropical areas where it has an increasing importance, particularly
as a cereal option for people with celiac disease. Over the past fifty years, food-grade varieties
and hybrid seeds with white pericarp have been developed, particularly in the United States, to
maximize sorghum food quality. Nutrient composition, including moisture, protein, carbohydrates,
dietary fiber, fat content, fatty acid composition, and mineral content, was determined for nine inbred
varieties with a stabilized food-grade sorghum genotype selected in the USA and grown under
typical Mediterranean conditions. Differences in these nutritional components were observed among
the varieties considered. Notable differences were found for monounsaturated and polyunsaturated
fats, while saturated fatty acids were similar in all varieties. Oleic, linoleic, and palmitic acids were
the most abundant fatty acids in all nine lines. Differences were also noted in mineral content,
particularly for K, Mg, Al, Mn, Fe, Cu, Zn, and Ba. Enzyme-linked immunosorbent assays (ELISAs)
demonstrated the absence of gliadin-like peptides in all the sorghum varieties analyzed, confirming,
thus, that these analyzed varieties are safe for consumption by celiac patients. Knowledge of the
nutritional values of sorghum lines is relevant for breeding programs devoted to sorghum nutritional
content and for beneficial properties to human health.

Keywords: sorghum pure lines; nutritional value; fatty acids; mineral elements

1. Introduction

Sorghum (Sorghum bicolor L. Moench) is a self-pollinating crop mainly used as a staple
food in Africa and Asia; sorghum seeds are often used as raw materials for alcoholic
beverages, sweets, and as a source of glucose [1–3]. Sorghum is the fifth leading crop in
the world after wheat, maize, rice, and barley [4]. The United States is the world’s largest
producer and exporter of sorghum, generating roughly 20% of world sorghum production
and nearly 80% of sorghum exports [2,3,5]. In several developing countries, sorghum has
traditionally been used in food products and to prepare various health foods [3,6]. The
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crop is considered a source of safe food for celiac patients showing an immune reaction to
gluten proteins found in several Triticum and closely related cereals [7]. Molecular evidence
has directly demonstrated the absence of toxic gliadin-like peptides in sorghum, which
can be considered safe for people with celiac disease [8]. This is why the potential role of
sorghum in human health and disease prevention has gained increased attention in the
past decade [1–3,9,10].

Recently, there has been a growing interest in sorghum as a food ingredient in West-
ern societies: the use of sorghum in human food products has increased and expanded
since early efforts in the United States to develop hybrids with white seeds (often called
“food-grade” sorghum) for the production of gluten-free food [11]. Moreover, new tech-
nologies have been developed, aimed at enhancing the nutritional and functional values
of sorghum proteins in industrial-scale processes [12]. Breeding programs of public and
private institutions have released improved varieties adapted to semi-arid and tropical en-
vironments, including those that meet specific food and industrial requirements [11,13]. To
meet the market demand, numerous collections of sorghum seeds have arisen all over the
world, particularly in Ethiopia, China, and the United States, as well as at the International
Crops Research Institute for the Semi-Arid Tropics (ICRISAT) [14]. With increasing world
population and decreasing water supplies due to climate change, sorghum represents an
important crop for future human use.

Thus, genetic improvement of sorghum through the crossing of pure lines is an impor-
tant research area for increasing yield, disease resistance, environmental stress tolerance,
and other desirable traits of sorghum. Moreover, the availability of pure lines with genetic
diversity is essential for the effectiveness of crossing. The greater the genetic diversity
among pure sorghum lines, the greater the chances of obtaining hybrids with improved
characteristics. Generally, sorghum breeding programs aim to acquire know-how and
technologies that allow for the cultivation, storage, and milling of new white sorghum
hybrids for human consumption in an economical manner, making them appealing to
farmers and end-users for gluten-free diets for celiac patients and healthy diets for everyone
based on sorghum flour [3].

This study aimed to characterize nine inbred sorghum lines developed in the United
States and grown in Mediterranean environments from a nutritional standpoint. The
specific goals were to evaluate levels of lipids, fiber, total protein, carbohydrates, and
minerals. To that end, the study of the nutritional composition of sorghum inbreds would
help breeders select hybrids with superior quality and nutritional values. Furthermore,
one of the aims of the study was to identify varieties with superior nutritional attributes
and to demonstrate that all varieties were safe to produce foods suitable for consumption
by celiac patients.

The aim of this study is to evaluate the nutritional properties and functional food traits
of nine inbred sorghum varieties with a focus on their potential role in promoting health.
We hypothesize that these varieties, especially those grown in the Mediterranean area, can
serve as valuable sources of essential nutrients, such as proteins, carbohydrates, unsaturated
fatty acids, and minerals. These varieties are anticipated to meet rising consumer demand
for nutritious, gluten-free cereals and may support breeding programs focused on the
development of high-quality, food-grade sorghum lines.

2. Materials and Methods

2.1. Sorghum Varieties

The sorghum inbreds and their respective seed sources used in this study are listed in
Table 1. In 2021, an open field cultivation of sorghum was carried out in San Bartolomeo in
Galdo (BN) located in the Fortore area of the Campania region, southern Italy (41◦25′ N,
15◦01′ E and 597 m.a.s.l.). The nine sorghum varieties were planted on April 2021, and
the grain harvest took place on 28 October 2021. Monthly rainfall and maximum and
minimum temperatures of the 2021 growing season recorded in the aforementioned area
are demonstrated in Table 2, while soil physical–chemical properties of the aforementioned
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experimental area are shown in Table 3. The milling was carried out starting 1 month after
the harvest of the sorghum grains which were stored in a dry environment at 16 ◦C.

Table 1. List of Sorghum inbreds grown in Italy.

Inbreds Type

PL-1 = TX436 Normal food grade
PL-2 = 05MN5113 Normal food grade
PL-3 = 05MN5115 Normal food grade

PL-4 = Macia Normal food grade
Tw = B.TXARG-1 Waxy food grade

N2 = SURENO Normal food grade
N3 = DORADO Normal food grade
N4 = R.TX436 Normal food grade

N5 = SEPON82 Normal food grade
The source of the seeds was Purdue University (M. Tunistra, Indiana, USA). These varieties are not currently
available for commercial use.

Table 2. Monthly rainfall and maximum and minimum temperatures of the 2021 growing season
recorded at San Bartolomeo in Galdo, Italy.

Month
T. Min

(◦C)
T. Max

(◦C)
T. Mean

(◦C)
Rainfall

(mm)

April 7.8 14.4 11.1 78
May 9.8 18.6 14.2 30.8
June 14.1 27.8 20.9 29
July 18.8 28.5 23.6 15.2

August 17.4 29.4 23.4 29
September 14.7 23.4 19.0 24.6

October 10.8 13.4 12.1 1000
Mean Mean Mean Total
13.3 22.2 17.7 172.3

Table 3. Physico-chemical properties of the soil of the experimental field located in San Bartolomeo
in Galdo (BN), Campania (Italy).

Scheme 0 0–60 cm Depth

Clay (%) 42.6
Silt (%) 18.8

Sand (%) 39.4
pH 8.4

Exchangeable Ca (g/kg) 119
Available P (mg/kg) 16

Exchangeable K (meq/100 g) 1.4
Exchangeable Mg (meq/100 g) 1.6

Total Ca carbonate (g/kg) 68
Total N (g kg−1) 0.8

CSC (meq/100 g) 28
Organic C (g kg−1) 2.5

2.2. Flour Sample Preparation

Roughly a kilogram of grain was pulverized into flour utilizing a two-roller mill from
Chopin Moulin CD1 (Chopin S.A., Villeneuve la Garenne, France). Post-grinding, the
samples underwent screening via a planetary sieve with a screen size measuring 120 μm2,
manufactured by Buhler AG (Uzwil, Switzerland).

2.3. Moisture Content

The moisture content of the flour samples was measured as previously described [15].
Initially, a ceramic capsule was meticulously weighed following thorough desiccation at
100 ◦C under vacuum (25 mm Hg) using an oven (ISCO mod. NSV9035, Milan, Italy) and
subsequently cooled down to room temperature inside a silica gel dryer. Then, a precisely
weighed portion of the flour samples (approximately 2 g) was introduced into the dried
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ceramic capsule. The sample was then subjected to the same temperature and pressure
conditions for around 5 h until a constant weight was achieved. At this point, the humidity
had been extracted from the sample. The moisture content was calculated by determining
the weight loss.

The moisture content of sorghum samples was calculated using the following equation:

Moisture (%) =
Weight o f f resh sample − Weight a f ter drying

Weight o f f resh sample
× 100

2.4. Ash

Approximately 3 g of sorghum samples were weighed and placed in an incineration
dish to determine the ash content. The dish was then ignited at roughly 550 ◦C and
subsequently allowed to cool down within a desiccator. Once the dish had reached room
temperature, it was immediately weighed, in line with the methodology established by
AOAC [16] (AOAC, 1923).

For ash content, the following equation was used:

Ash (%) =
Weight o f ash

Initial sample weight
× 100

2.5. Protein Content

Sorghum flour samples (2 g each) were analyzed for their nitrogen content by the
AOAC [17] (AOAC, 1920) Kjeldahl method using a Mineral Six Digester and an Auto
Disteam semi-automatic distillation unit (International PBI, Milan, Italy). The total protein
content was subsequently calculated using a conversion factor of 6.25.

2.6. Total Lipid Content

The total lipid content was determined as previously described [18]. Initially, roughly
3 g of grain was ground down to a fine powder with liquid nitrogen, utilizing a mortar and
pestle, and subsequently lyophilized using the FTS-System Flex-DryTM instrument. The
ground whole meal was extracted for 4 h in a Soxhlet apparatus with chloroform (CHCl3).
The resulting extracts were dried out with a rotary evaporator to obtain crude extracts, and
the weight of the fat extracted was subsequently determined.

2.7. Gas Chromatography of Fatty Acids

To conduct the esterification of the fatty acids found within the crude extracts, and
subsequent gas chromatographic analysis of the fatty acid methyl esters, the protocols
established by Pontieri et al. [15,18] were followed. Initially, the solid sorghum fat was
melted in an oven set to 50 ◦C. A single drop of fat was then transferred into a 1.5 mL vial,
followed by the addition of 1 mL of hexane and 100 μL of 2 N KOH methanolic solution.
The vial was then vortexed for a duration of 5 min before being left to stand undisturbed
for an additional 5 min to allow for complete stratification of the hexanic portion, which
contained the methyl ester of the fatty acids. Chromatographic separation was achieved via
a GC-2010 (Shimadzu, Kyoto, Japan) that was fitted with a DB-Wax column (Phenomenex,
Torrance, CA, USA), measuring 30 m in length, 0.25 mm in internal diameter, and with a
0.25 μm film thickness. The GC conditions utilized were as follows: carrier gas, helium;
pressure, 75 kPa; injector temperature, 220 ◦C; FID temperature, 250 ◦C; and oven program,
170 ◦C for 8 min, 2 ◦C/min to 185 ◦C for 10 min, 1 ◦C/min to 190 ◦C for 12 min, and
10 ◦C/min to 240 ◦C for 5 min.

2.8. Carbohydrates

The quantity of carbohydrates present in the samples was calculated by deducting the
values obtained for moisture, ash, protein, and fat content, as explained in the procedure
described by Arienzo et al. [19].
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2.9. Fiber Content

The AOAC method from 1995 [20] (AOAC, 1995) was employed to determine the fiber
content. In this method, the sample was digested under acidic conditions using 0.255 N
H2SO4, followed by alkaline digestion with 0.223 N NaOH in an automatic digestor (Velp
Scientific mod. FIWE3, Usmate Velate, Monza e Brianza, Italy). The lost mass of the sample
after incineration was considered as fiber.

2.10. Total Minerals Determination

The procedure described by Tenore et al. [21] and Pontieri et al. [22,23] was followed
for the determination of the mineral elements of interest employing quadrupole induc-
tively coupled plasma mass spectrometry (ICP-QMS) on an 820-MS instrument (Bruker
Daltonics, Billerica, MA, USA). Operational parameters included the following: plasma
flow rate: 18 L per minute; auxiliary flow rate: 1.8 L per minute; sheath gas flow rate: 0.14
L per minute; nebulizer flow rate: 0.98 L per minute; RF power: 1.40 kilowatts; pump
rate: 4 revolutions per minute; stabilization delay: 20 s; and voltage settings for various
extraction lenses and other components. Control of reactive contaminants was achieved
through the use of high purity helium and hydrogen gases. The stability of plasma was
maintained by employing high radio frequency power. All chemicals utilized were of
the highest commercially available purity. Prior to utilization, all glassware and plastic
containers underwent thorough cleaning with 10% ultra-pure grade nitric acid followed by
rinsing with ultra-pure water. Calibration solutions were prepared from multi-elemental
standard stock solutions with a concentration of 20.00 milligrams per liter. The calibra-
tion curves were generated using nine calibration solutions. Reagent blanks, consisting
of ultra-pure water, were also analyzed to ensure the purity of reagents and laboratory
equipment. The determination process involved the use of an internal standard mixture
containing specific isotopes aspirated online alongside the sample and standard solution.
Analysis included quantification of 17 isotopes using a calibration curve method, while
others were quantified using a semi-quantitative approach based on mean response factors
from adjacent elements.

For samples analysis, ash content was dissolved in a 5% HNO3 solution containing
ultra-pure water, and the solution was filtered using regenerated cellulose filters that were
free from ash.

2.11. ELISA Assay

The RIDASCREEN® Gliadin standard test kit (Art. No R7001, R-Biopharm AG, Darm-
stadt, Germany) ELISA-based sandwich method was used to identify gliadins in grain
flour samples according to both Valdés et al. [24] and the manufacturer’s instructions. Com-
mercial gliadin standard 16–18% N (Sigma Aldrich, Milan, Italy) was used as the control.

2.12. Statistical Analysis

With the exception of total lipids analyses, which were performed in triplicate, all
analyses were performed in quintuples (n = 5) (technical replicates), and the results are
presented as mean ± SD. Data distributions were evaluated by the Shapiro–Wilk test. As
all data were not normally distributed, differences in means were investigated using the
Mann–Whitney non-parametric U test. This test is utilized to ascertain whether significant
differences exist between two independent groups. Analysis of variance (ANOVA) was
used to evaluate whether the different values were statistically significant or not. This
test is employed to assess whether differences between group means stem from genuine
distinctions in the groups themselves or if they are merely attributable to random variability.
Tukey’s post-hoc test was used to identify which samples were different. This test was
employed subsequent to conducting an ANOVA to discern which pairs of groups exhibit
significant differences from each other. While ANOVA solely indicates the presence of
overall differences between groups, Tukey’s post-hoc test aids in identifying the specific
pairs of groups that differ significantly. A false discovery rate (FDR)-adjusted p-value was
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used to handle multiple comparisons. PAST 4 was employed to generate non-metrical
multidimensional (NM-MDS) scaling based on the Bray–Curtis index [25].

3. Results

3.1. Weather Conditions and Soil Characteristics

The amount of rainfall during the crop growing season varied from 78 to 1000 mm
(April–October) with a mean of 172.3 mm, mainly concentrated during spring and early
autumn. Climatic results were measured in the year 2021 using a meteorological station
located near the experimental field. Maximum and minimum temperatures, as well as
precipitation, were collected monthly (Table 2) [26]. The soil of the area is mainly clayey,
deep, and with a good water retention capacity, as reported in Table 3. It is well known
that grain composition can vary significantly, influenced by the genotype and the growth
environment, such as temperature, soil characteristics, fertilizers, and other factors. An
example is the work published by Rooney (2004) [27], where it was demonstrated that
high-nitrogen fertilizer levels increase grain protein content and decrease the amount of
total carbohydrates.

3.2. Chemical Composition

The chemical composition of nine food-grade sorghum inbreds developed in the
United States and grown in southern Italy is shown in Table 4. Protein content was higher
in PL-2 and N3 inbreds and relatively lower in N2. The fat content was slightly higher in
PL-1 than in PL-2, N3, N4, and N5, while a lower fat content was observed in PL-3, PL-4,
Tw, and N2. Variations were also observed in the total carbohydrate content where Tw, N2,
N3, and N5 showed a higher content than the other inbreds. Finally, a higher fiber content
was evident for N4, PL-2, and PL-3 inbreds compared to the others. Particularly significant
was the variation interval shown by the fiber content.

Table 4. Nutritional composition of 9 food-grade sorghum inbred varieties grown under typical
Mediterranean conditions.

Parameter Moisture (%) Ash (%) Total Proteins (%) Fats (%)
Total

Carbohydrates
(%)

Sugars (%) Fibers (%)

PL-1 12.2 ± 0.9 dg 1.7 ± 0.1 bcdeg 11 ± 0.4 fg 2.93 ± 0.12 cdefh 68.74 ± 2.75 1.6 ± 0.2 f 3.43 ± 0.14 bcdefghi

PL-2 11.7 ± 0.6 dg 2 ± 0.2 acdf 12.2 ± 1.2 cdfi 2.61 ± 0.29 65.9 ± 5.27 1.7 ± 0.2 efg 5.59 ± 0.56 acdefghi

PL-3 12.3 ± 0.6 dgi 2.5 ± 0.3 abfhi 10.5 ± 0.4 bfg 2.3 ± 0.07 afghi 65.54 ± 5.24 1.5 ± 0 df 6.86 ± 0.69 abdefgi

PL-4 10.6 ± 0.7 abc 2.4 ± 0.2 abfhi 10.7 ± 0.5 bfg 2.45 ± 0.27 a 69.41 ± 6.25 1.8 ± 0.2 cefgi 4.44 ± 0.13 abcefghi

Tw 11.8 ± 0.8 g 2.3 ± 0.2 afhi 10.7 ± 0.6 fg 2.36 ± 0.09 ah 71.15 ± 6.4 1.4 ± 0.1 bdh 1.69 ± 0.08 abcdfghi

N2 11.2 ± 1.3 1.7 ± 0.1 bcdeg 9 ± 0.3 abcdegh 2.47 ± 0.1 ac 72.87 ± 8.74 1.3 ± 0.1 abcdhi 2.76 ± 0.3 abcdeghi

N3 10.5 ± 0.4 abce 2.2 ± 0.1 afhi 12.5 ± 0.4 acdefhi 2.63 ± 0.26 c 70.74 ± 6.37 1.4 ± 0.1 bdh 1.43 ± 0.17 abcdefhi

N4 11.4 ± 1 1.9 ± 0.2 cdeg 10.8 ± 0.6 fg 2.63 ± 0.11 ace 65.54 ± 1.97 i 1.6 ± 0.1 efg 7.73 ± 0.85 abdefgi

N5 10.9 ± 0.9 c 1.8 ± 0.1 cdeg 10 ± 1.2 bg 2.66 ± 0.27 c 73.47 ± 6.61 h 1.5 ± 0.1 df 1.17 ± 0.09 abcdefgh

Int.Var 1 10.5–12.3 1.7–2.5 9.03–12.5 2.3–2.93 65.54–73.47 1.3–1.8 1.17–7.73

1 Interval of variation. The letter a in superscript indicates a value significantly different compared to the PL-1
variety, b compared to PL-2 variety, c compared to PL-3 variety, d compared to PL-4 variety, e compared to Tw
variety, f compared to N2 variety, g compared to N3 variety, h compared to N4 variety, i compared to N5 variety.

3.3. Fatty Acid Composition of Total Lipids

The percentages of total fatty acids, as well as aggregated as saturated, monounsatu-
rated, and polyunsaturated fats of the nine inbreds, are shown in Table 5. A higher content
of total monounsaturated and polyunsaturated fats was found in both PL-1 and N5, while
N3 showed a polyunsaturated fat content comparable to that found in PL-1. The saturated
fatty acid content was almost similar in all varieties except for the N5 inbred which showed
a higher content than the others. Oleic, linoleic, and palmitic acids were the most abundant
fatty acids in all nine samples. Erucic acid was absent in six out of the nine lines. According
to the NM-MDS (Figure 1A), the varieties N2, N4, Tw, and PL4 exhibit similarity in terms of
fatty acid content. Variety N3 is not far from this first cluster and is also considered similar.
Varieties PL2 and PL3 share similarity, as do PL-3 and N5.
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Figure 1. Non-metrical multidimensional scaling (NM-MDS) based on fatty acids content (A) and
macronutrients, micronutrients, and trace elements (B).

3.4. Mineral Content

The results of the macro-elements, micro-elements, and trace elements of the nine
inbreds of sorghum are reported in Table 6, Table 7, and Table 8, respectively. The content
of macro-elements followed the sequence K > Mg > Ca > Na in the nine samples analyzed.
The content of micro-elements followed the sequence Fe > Zn > Al > Mn >Cr >Cu> Ba
> Ni > Pb > Mo > Ag > V > Sn > Co > As > Se >Be > Tl, while the content of trace
elements followed the sequence Cd > Hg > U > Sb. Variations in the content of the elements
were found among the nine inbreds of sorghum analyzed. On average, K and Mg were,
respectively, the most abundant macro-elements, while Fe, Zn, Al, and Mn were the most
abundant micro-elements and Cd, Hg, and U the most abundant trace elements (with some
exceptions). Furthermore, the potassium content of the nine inbred samples averaged
about 60 times higher than that of sodium. Notably, the K:Na ratio of each of the PL-1, N2,
N3, and N4 inbreds was higher, while the K:Na ratio of the Tw inbred was lower than that
of the other sorghum inbreds analyzed. The K:Na ratio was higher than the recommended
ratio 5.0 [26] for human diet. The high K:Na ratio suggests that sorghum inbreds may be
suitable for improving health problems due to sodium retention. In fact, diets with a higher
K:Na ratio are recommended for particular patients [28].

Table 6. Nutritionally essential macro-element content of 9 food-grade sorghum inbred varieties
grown under typical Mediterranean conditions (mg kg−1). The letter a in superscript indicates a
value significantly different compared to the PL-1 variety, b compared to PL-2 variety, c compared
to PL-3 variety, d compared to PL-4 variety, e compared to Tw variety, f compared to N2 variety, g
compared to N3 variety, h compared to N4 variety, i compared to N5 variety.

Parameter Na Mg K Ca

PL-1 0.14 ± 0.01 bcdefghi 6.16 ± 0.37 bcdg 13.66 ± 0.82 g 0.51 ± 0.03 bcdefghi

PL-2 0.24 ± 0.01 acdefgh 7.06 ± 0.42 aefghi 14.04 ± 0.7 g 0.82 ± 0.04 adefghi

PL-3 0.32 ± 0.01 abdefghi 7.32 ± 0.37 aefghi 14.25 ± 1 g 0.83 ± 0.04 adefghi

PL-4 0.29 ± 0.01 abcefghi 6.99 ± 0.21 aefghi 14.09 ± 0.56 g 0.96 ± 0.06 abcefhi

Tw 0.35 ± 0.01 abcdfghi 6.05 ± 0.24 bcdg 13.04 ± 0.91 gh 1.73 ± 0.12 abcdfghi

N2 0.19 ± 0.01 abcdegi 5.88 ± 0.29 bcdg 14.38 ± 1.01 eg 0.72 ± 0.02 abcdeghi

N3 0.21 ± 0.01 abcdefi 8.2 ± 0.25 abcdefhi 16.38 ± 0.82 abcdefhi 0.99 ± 0.03 abcefhi

N4 0.2 ± 0.01 abcdei 5.91 ± 0.35 bcdg 14.54 ± 0.87 eg 0.68 ± 0.02 abcdefgi

N5 0.25 ± 0.01 acdefgh 6.3 ± 0.44 bcdg 14.14 ± 0.42 g 0.63 ± 0.03 abcdefgh

Int.Var 1 0.14–0.35 5.88–8.2 13.04–16.38 0.51–1.73
1 Interval of variation.
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Table 8. Nutritionally essential trace element content of 9 food-grade sorghum inbred varieties grown
under typical Mediterranean conditions (μg kg−1).

Parameter U Sb Hg Cd

PL-1 10.01 ± 0.70 bcdefghi 3.0 ± 0.2 bcdefhi 46.5 ± 1.8 112.5 ± 3.3 bcdefghi

PL-2 25.27 ± 1.52 acdefghi 8.0 ± 0.5 acdefghi 47.0 ± 3.2 25.0 ± 0.7 acdefghi

PL-3 38.26 ± 1.15 abdefghi 5.5 ± 0.3 abdefgi 47.0 ± 2.8 27.0 ± 1.3 abdefghi

PL-4 49.41 ± 2.47 abcfghi 13.5 ± 0.5 abcefghi 49.0 ± 3.4 15.5 ± 0.6 abcefghi

Tw 54.11 ± 3.79 abcfghi 6.0 ± 0.1 abcdfghi 46.5 ± 2.3 13.0 ± 0.6 abcdfghi

N2 15.09 ± 1.06 abcdegi 2.5 ± 0.1 abcdeghi 46.0 ± 2.3 17.0 ± 0.5 abcdeghi

N3 33.6 ± 2.02 abcdefhi 3.0 ± 0.1 bcdefhi 47.1 ± 1.8 48.0 ± 2.8 abcdefhi

N4 15.28 ± 0.76 abcdegi 5.5 ± 0.2 abdefgi 47.5 ± 1.43 42.0 ± 2.1 abcdefgi

N5 8.83 ± 0.44 abcdefgh <0.1 abcdefgh 47.7 ± 2.82 379.5 ± 26.5 abcdefgh

Int.Var 1 10.01–54.11 <0.1–13.5 46.0–49.0 13.0–379.5
1 Interval of variation. The letter a in superscript indicates a value significantly different compared to the PL-1
variety, b compared to PL-2 variety, c compared to PL-3 variety, d compared to PL-4 variety, e compared to Tw
variety, f compared to N2 variety, g compared to N3 variety, h compared to N4 variety, i compared to N5 variety.

According to the NM-MDS (Figure 1B), the N5 variety exhibits distinct characteristics
in terms of macronutrients, micronutrients, and trace elements compared to all other
samples. Despite variations in some features, such as Ni and Co content, the remaining
varieties share common characteristics.

Our results for Mg, K, and Zn were lower than those reported recently by Jacimovic et al. [29].
On the contrary, our Fe levels were much higher (Table 9). Mineral content of grains is affected by
factors such as grain variety, soil composition, and weather conditions. This might explain the
differences in the values between the two studies.

Table 9. Mineral content of the sorghum grains was compared to Recommended Dietary Al-
lowance/Adequate Intake (RDA/AI) for these minerals. Additionally, a comparison was made
with the findings from Jaćimović et al. (2023) [30].

Mineral mg/100 g Sorghum US RDA/AI Jaćimović et al., 2023 [30]

Mg 0.6–0.8 400 (adult males age < 50) 57.6–92.7
Fe 11.3–19.4 18 (adult males and females age > 50) 1.4–3.4
K 1.3–1.6 3400 96.4–232.3

Zn 9.4–57.8 11 (adult males) 1.3–2.5

3.5. Immunochemical Evidence for the Absence of Gluten in Sorghum Inbreds

The results of immunochemical measurement of gliadin concentration in the sorghum
flour from all samples tested demonstrated that gluten levels in all sorghum inbreds were
less than 5 ppm (the detectable limit is 5 ppm) (Table 10). Those values are well below the
20 ppm threshold that has been proposed to be safe for celiac patients [24].

Table 10. Gliadin content (as ppm) in flours by using sandwich R5 enzyme-linked immunosorbent
assay (ELISA).

Sorghum Inbreds Content (ppm) 2

PL-1 <5
PL-2 <5
PL-3 <5
PL-4 <5
Tw <5
N2 <5
N3 <5
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Table 10. Cont.

Sorghum Inbreds Content (ppm) 2

N4 <5
N5 <5

Wheat gliadin standard 1 56
1 Gliadin standard from wheat (Sigma). 2 Mean values from 3 measurements.

4. Discussion

Depending on the region of cultivation, the type of sorghum and the purpose of its
production vary greatly, and the primary focus of sorghum breeders around the world is to
improve nutritional and quality traits, yield, maturity, and adaptability [11,13,27]. In recent
years there has been a growing interest worldwide in both functional and nutraceutical
foods, including sorghum, and research has focused on identifying the mechanisms asso-
ciated with their preventive or therapeutic potential [10]. As a consequence, the focus of
sorghum breeding is the development of hybrid varieties characterized by high nutritional
value and quality and by high yield, high adaptability, early maturation, and resistance
tolerance to disease, pests, and stress [11,27,30].

With the aim of obtaining higher-quality sorghum cultivars, genetic improvement
programs should be directed towards the use of pure lines of sorghum whose nutritional
properties are known, following a genetic strategy to predict hybrids with desired nutri-
tional and qualitative parameters [31,32]. Sorghum exhibits high genetic diversity, with
many thousands of accessions and landraces collected and developed worldwide, particu-
larly in collections in the USA, Ethiopia, China, and at the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT) [14]. It has been demonstrated that grain com-
position can vary significantly due to genetic and environmental factors [15,18,22,27,33].
Inbred varieties and hybrids exhibit significant variations in yield potential, adaptability,
and grain-quality characteristics; thus, cultivar selection is one of the most important
considerations in crop management [11]. The genetic diversity of sorghum provides an
opportunity to enhance the crop at the genetic level in interaction with the most suitable
growth environment.

Currently, around the world, a wide range of genetic diversity of sorghum is available.
However, inbred lines for the development of hybrids with improved nutritional and
functional properties have not yet been fully evaluated [34]. Due to the growing interest in
sorghum as a functional food and nutraceutical for human health [35], we have analyzed
the nutritional composition, fatty acid content, and mineral content of nine food-grade
sorghum lines grown under Mediterranean conditions, in an area with predominantly
clayey soil, deep, and with good water retention capacity, that is, a suitable environment
for the selection of inbred lines with high agronomic value and high nutritional quality.

Among the inbreds analyzed, those with the best characteristics could be used for
hybrid development and germplasm improvement.

The composition profiles of the nine inbreds had some differences in both protein
and carbohydrate percentages. As described in the Results section, PL-2 and N3, having
a higher content of protein and fat, could be used in inbred breeding. Additionally, the
higher fiber content of N4, PL-3, PL-4, PL-1, and particularly PL-2 may have health benefits
beyond those conferred by the high protein content.

The amounts of total saturated fat were similar in the genotypes considered, but much
lower than the values of total monounsaturated and polyunsaturated fats. Inbred varieties
PL-1, PL-2, and N5 had higher amounts of both monounsaturated and polyunsaturated
fatty acids, so these three lines may have a slight nutritional advantage. Linoleic, oleic,
and palmitic acids were predominant over other fatty acids in all inbreds. Unsaturated
fatty acids are important for human nutrition, as they are main components of biological
membranes and play a role in modulating membrane fluidity. Furthermore, unsaturated
fatty acids, unlike those saturated, do not have a cholesterogenic property and reduce
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the risk of thrombosis. Due to these characteristics, unsaturated fatty acids are strongly
recommended to reduce the risk of atherosclerosis [10].

The content of each macro-element measured shows that the primary minerals are K,
followed by Mg, a finding consistent with the available literature [36].

Furthermore, while the concentrations of the macro-elements were similar among
all inbreds, both Ca and Na were higher in the Tw and lower in the PL-1 lines than in
other inbreds. These data support previous studies indicating that the mineral content of
sorghum is influenced by both genetic and environmental factors [33]. With regards to
the macro-element content, we found a K:Na ratio higher than that recommended in the
human diet for varieties of sorghum [26]. A higher K:Na ratio may improve bone health,
reduce muscle loss, and moderate other chronic diseases such as hypertension [28].

Furthermore, it has been suggested that the K:Na ratio is an indicator of the quality of
the diet of pregnant women and that the Na/K ratio in community settings is a potential
population-based approach to address hypertension [37,38]. Prioritizing potassium-rich
foods and limiting sodium intake can improve overall health outcomes, especially in
reducing risks associated with chronic conditions.

It can also be noted from our data that the magnesium content was higher than typi-
cally found in corn (on average, 0.47 g kg−1) and wheat flour (on average, 0.25 g kg−1) [39].
Due to their high magnesium content, the inbreds considered in this study can be a good
source of magnesium. Magnesium is an important macro-element necessary for the func-
tion of several enzyme systems [36].

In the nine inbreds, differences were noted in the concentration of micro-elements
that could be due to the sorghum genotype, to soil conditions, and to the plant maturity
state at harvest [23,40]. Fe, the most abundant micro-element, is an essential micro-element
in human nutrition, and its deficiency is a serious public health threat worldwide. The
expanding production of sorghum for human use in the United States and in the Mediter-
ranean countries [3] is also motivated by the high levels of Fe in this crop, and by the
beneficial nutritional effects of this micro-element. The results reported in the present study
show a high content of Zn in all inbreds considered. This finding is notable because Zn
deficiencies are a public health concern worldwide. It is important to underline that, as
regards the trace elements, their concentration in all nine inbreds analyzed in this study did
not exceed the maximum allowed by Regulation (CE) n. 41/2009. The nine inbred varieties
of sorghum used in this study each have their own stabilized genetic heritage, which differs
from one another, and they were all grown in the same typical Mediterranean environment.
The integrity of the results, which report differences in nutritional composition, fatty acids,
and mineral content, is ensured by previous studies that have demonstrated that the com-
position of sorghum grain can vary significantly due to genetic and environmental growth
factors [15,18,22,27,33].

Finally, in this study, the nine inbreds we have characterized were also tested for
gliadin concentration to confirm previous reports on the safety of sorghum for people with
celiac disease [8].

The PL-2 and N3 genotypes have a high content of proteins, carbohydrates, fibers,
unsaturated fatty acids, and minerals and appear to be the most suitable for the selection
of hybrids with high nutritional quality. Substantial research has been conducted with the
aim of developing the cultivation of sorghum lines in the Mediterranean area for use in the
production of human food products [15,18,33].

The aim of this research was achieved, mainly comparing the nutritional composition
of inbred sorghum varieties in order to assess the variation in nutritional properties and
identify varieties with improved nutritional characteristics, thus providing greater potential
health benefits for consumers. Furthermore, this research contributes to the body of
knowledge on the nutritional composition of sorghum, particularly for sorghum varieties
grown outside of the main sorghum breeding regions.
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5. Conclusions

Today, particularly in developed countries, there is a significant demand for functional
and nutraceutical healthy food. Adopting a diet based on food-grade white sorghum can
promote disease prevention, leading to substantial cost savings for national health services.
Food-grade sorghum is increasingly vital in the developed world, particularly as a cereal
option for individuals with celiac disease. When developing food-grade sorghum varieties,
several key grain traits, including grain quality, are considered. The functional food and
feed traits and characteristics of sorghum (e.g., pasting, temperature, taste, amylase activity,
shelf-life, etc.) are not fully understood. However, studies on cereal crops, including
sorghum, suggest that these traits may be influenced by both genetic characteristics and
the growth environment.

Breeding programs of both public and private institutions have released improved
varieties adapted to semi-arid and tropical environments, including those that meet specific
food and industrial requirements. To meet market demand, numerous collections of
sorghum seeds have emerged worldwide, particularly in Ethiopia, China, and the United
States, as well as at the International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT). The present study supports the strategy of evaluating sorghum nutritional
properties such as protein and carbohydrate contents, levels of unsaturated fatty acids,
and minerals of nine inbred sorghum varieties developed in the USA and grown in the
Mediterranean area. The current research provides valuable information on the nutrient
composition of various inbred sorghum varieties and supports the burgeoning sorghum
breeding programs focused on the unique health benefits of consuming whole grain
sorghum. The findings of this study underscore the importance of developing sorghum
inbred lines with superior quality traits for use in breeding programs worldwide. These
programs aim to select new sorghum hybrids that align with the preferences and nutritional
needs of end-consumers, thereby ensuring a safe and healthy diet.
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Abstract: This study explored the effects of the germination of red and white sorghum grains
(Sorghum bicolor [Moench (L.)]) for up to seven days on various properties of the grain. Germination
enriched sorghum’s nutritional and sensory qualities while mitigating existing anti-nutritional fac-
tors. The study employed Fourier-transformed infrared spectroscopy (FT-IR) and scanning electron
microscopy techniques to support its findings. Germination increased protein and lipid content
but decreased starch content. White sorghum grains showed elevated calcium and magnesium
but decreased iron, potassium, and zinc. Red sorghum grains showed a consistent decrease in
mineral content during germination. Germination also increased fiber and lignin values in both
sorghum varieties. The results of the FT-IR analysis demonstrate that germination induced sig-
nificant changes in the molecular structure of white sorghum samples after 24 h, whereas this
transformation was observed in red sorghum samples at four days. Total phenolic content (TPC)
in red sorghum ranged from 136.64 ± 3.76 mg GAE/100 g to 379.5 ± 6.92 mg GAE/100 g. After
72 h of germination, the germinated seeds showed a threefold increase in TPC when compared to
ungerminated seeds. Similarly, the TPC of white sorghum significantly increased (p < 0.05) from
52.84 ± 3.31 mg GAE/100 g to 151.76 mg GAE/100 g. Overall, during the 7-day germination period,
all parameters showed an increase, and the germination process positively impacted the functional
properties that contributed to the health benefits of white and red sorghum samples.
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1. Introduction

Sorghum (Sorghum bicolor [Moench (L.)]) underwent domestication approximately
3000 to 5000 years ago and is currently recognized as the fifth most important crop world-
wide in terms of carbohydrate content, following wheat, maize, rice, and barley. Sorghum
exhibits remarkable tolerance to drought and serves as a staple food in various semi-arid,
arid, and tropical regions globally [1–3]. Particularly in dry and semi-arid regions of
Africa, Asia, and Latin America, sorghum has widespread use as both animal feed and
human sustenance, including bread, snacks, and nonfermented and fermented bever-
ages [1,3,4]. Sorghum is rich in energy, proteins, carbohydrates, vitamins, minerals (such as
iron and potassium), and phenolic and flavonoid compounds, which offer potential health-
promoting benefits such as anti-carcinogenic, antibacterial, and antioxidant properties,
making it suitable for human consumption [3]. The proximate composition of sorghum
varies across different varieties. Certain sorghum types, such as red, brown, and black
varieties containing color pigments in the pericarp layers, have garnered attention due to
their higher phenolic content (generally comprising phenolic acids, flavonoids, and con-
densed tannins) [5]. Despite its variations, sorghum typically contains significant amounts
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of macronutrients, including lipids (1.6–6%), proteins (7–15%), and carbohydrates (50–60%).
A 100 g serving of sorghum, similar to maize and wheat, provides substantial amounts of
resistant starch and can supply approximately 400 calories [3,6]. Furthermore, its lack of
gluten proteins makes it a viable alternative for individuals with celiac disease or wheat
allergies [3,7–9].

However, sorghum’s nutritional components, particularly its proteins, are less di-
gestible for humans and monogastric animals due to anti-nutritional factors like tannins
and phytic acid. To enhance the nutritional value of sorghum and fully exploit its potential
as food or animal feed, it is essential to mitigate these undesired components. Tannins and
sorghum proteins interact to decrease protein and starch digestibility. This interaction is
significant for human and animal nutrition, as sorghum proteins and tannins can form
complexes that render proteins indigestible and inhibit digestive enzymes [8,10]. Tannins,
including hydrolyzable (e.g., gallic tannins and ellagitannins), condensed (e.g., proan-
thocyanidins), and complex tannins, are water-soluble phenolic compounds. Condensed
tannins can bind to and precipitate protein components, making them unavailable and
indigestible. Moreover, tannins can bind not only to proteins but also to minerals, thus
rendering them inaccessible, and they can inhibit hydrolytic enzymes such as trypsin,
α-amylase, glucoamylase, and lipase. Another anti-nutritional factor in sorghum is phytate,
which forms insoluble complexes with proteins and mineral cations, reducing the bioavail-
ability of trace minerals and protein digestibility [1,3,7]. Therefore, various approaches
such as fermentation, germination, and hydrolysis are employed to convert bound phenolic
compounds into free forms and enhance the digestibility of protein and starch [11].

Germination represents a cost-effective and efficient technology that facilitates struc-
tural modifications and the synthesis of new compounds with heightened biological activity,
improved nutritional value, and enhanced grain stability. Germination is considered a
complex, selective, and efficient method for improving the nutritional and functional value
and also reducing the anti-nutritional factors of grains and legumes. During germination, a
large number of bound enzymes stored in dry plant seeds are activated, and macromolecu-
lar storage substances (starch, proteins, and fat) are hydrolyzed and transformed into more
digestible forms. Meanwhile, anti-nutrient components such as tannins and phytic acid
can be reduced thanks to hydrolysis triggered by germination. Germination leads to the
accumulation of bioactive compounds that are beneficial to human health, such as G-amino
butyric acid (GABA), polyphenols, flavonoids, and vitamins [12].

Germinated sorghum and its flour are suitable for producing specialty foods and value-
added products. In comparison to native sorghum, germinated sorghum is considered
significantly healthier since the germination process reduces or eliminates anti-nutritional
factors such as tannins, phytates, and protease inhibitors, thereby improving nutrient
digestibility and vitamin and mineral availability and generating various bioactive com-
pounds that promote health. The germination of sorghum leads to increased levels of
albumin, globulin, free amino nitrogen, protease, and kafirin. Additionally, it enhances the
riboflavin availability, nutrient digestibility, antioxidant activity, and sensory acceptability
of sorghum-based products [3,7].

The present study aims to subject red and white sorghum varieties currently limited
to animal feed use, especially in our country, Turkey, to the germination process. This
endeavor seeks to expand their utilization in human nutrition and investigate the effects of
germination at different time intervals on the functional composition of sorghum.

2. Materials and Methods

2.1. Materials and Reagents

The red and white sorghum (Sorghum bicolor L.) grains were provided by a commercial
company (Ingro, Turkey). The sorghum grains were cleaned of impurities by sieving and
kept at a refrigerator temperature (+4 ◦C) until the germination process. The germination
process was carried out in two replications. All chemicals used in the study were of
analytical purity.
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2.2. Germination Process

Germination was accomplished as determined by [3] with some modifications. Unger-
minated red and white sorghum grains were designated as Control Groups and labeled
as CR and CW, respectively. Approximately 100 g of sorghum samples were rinsed three
times with distilled water (1 min each). After that, the grains were soaked in distilled water
at a ratio of 1:1 (sample to water) and soaked for 12 h at ambient temperature (23–25 ◦C).
Thanks to soaking, the microbial load was decreased, and the grain moisture level was
optimized between 35% and 40%, which is suitable for germination. Following the fil-
tration of the soaking water, the Soaked Control Groups were labeled as SCR and SCW
(Soaked Control Red and White Sorghum). Subsequently, the soaked samples underwent a
germination process for a duration of 7 days, with sampling conducted every 24 h. During
germination, the grains were moistened with water once a day. The samples taken from
different intervals of germination were lyophilized. After lyophilization, the germinated
and ungerminated (control) samples were milled in an analytical hammer mill (Brabender
Laboratory Mill, (Duisburg, Germany) equipped with a sieve aperture of 500 μm. The
samples were packed hermetically and finally stored at a refrigerator temperature (+4 ◦C)
until further analysis. The germination process for each sorghum sample was performed in
two replications.

2.3. Proximate Composition

The moisture content of the samples was determined using a halogen moisture ana-
lyzer (Shimadzu MOC63U, Kyoto, Japan) according to the measurement conditions—set as
5 g of the sample at 130 ◦C.

Samples (~500 g) were scanned using a near-infrared transmission spectroscopy (NIR)
Perten Grain Analyzer (Model DA 7250, Perten Instruments, Springfield, IL, USA) to
determine the protein, starch, ash, and lipid contents. Before scanning, the NIR device was
calibrated and validated with the results from wet chemical testing of 50 samples of each
trait scanned.

2.4. Determination of Mineral Element Composition Using Inductively Coupled Plasma Emission
Spectrometry (ICP-OES)

Macroelements (Ca, K and Mg) and microelements (Fe and Zn) were determined by
an Inductively Coupled Plasma-Optical Emission Spectrophotometer (ICP-OES, ICAP6500,
Thermo Scientific, (Waltham, MA, USA) according to the method described by [13]. The
ICP-OES operating conditions are given in Table 1. A closed microwave digestion unit
(Berghof Instruments, Speedwave, Germany) equipped with Teflon vessels was used to
mineralize 0.30 g of each sample, to which 5.0 mL of ultrapure 65% m/v nitric acid and
2 mL of hydrogen peroxide 35% m/v were added, in order to determine the dissolved
metals and non-metals. The sample solution was filtered through a membrane filter (pore
size 0.45 μm) and filled to an exact volume of 0.25 mL.

Table 1. ICP-OES operating conditions.

Operating Conditions

Power 1150 W
Auxiliary Gas Flow 0.5 L/min

Coolant gas 12 L/min
Nebulizer gas 0.70 L/min

Calibration samples were prepared from multi-element standard solutions (100 mg mL−1).
Standard solutions (Chem-Lab, Zedelgem, Belgium) were diluted to concentrations in a range
between 0.1 and 10 mg/L for microelements and between 1 and 40 mg/L for macroelements.
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2.5. Crude Fiber Content

The Acid Detergent Fiber (ADF) and Neutral Detergent Fiber (NDF) composition of
the samples were determined according to the modified method of [14].

2.6. Fourier Transform Infrared (FT-IR) Spectroscopy Characterization

Chemical changes in sorghum samples due to germination were evaluated using a
nitrogen-cooled Attenuated Total Reflectance FTIR (Thermo Scientific Nicolet Nexus 470,
Waltham, MA, USA) equipped with a mercury/cadmium/telluride detector at a resolution
of 4 cm−1 [15]. The spectra of the samples were scanned in the range 4000–400 cm−1. Data
were processed using Omnic software (OMNIC 9.0).

2.7. Scanning Electron Microscopy (SEM)

The morphological properties of the germinated sorghum grains were determined
using a scanning electron microscope (ANATEK, FEI/Quanta 450 FEG, CZECHIA). The
samples that were coated with a thin film of gold were mounted on an aluminum stub
plated with double-sided adhesive tape and examined at 10,000 kV of accelerating voltage.
The magnification value, pressure, and scale were set as 1000×, 3.04 × 10−3 Pa, and
100 μm, respectively.

2.8. Color Measurement

The CIE color parameters of soaked, germinated, and control samples were measured
using a Minolta CM-3600d (Minolta, Osaka, Japan) colorimeter as described by [16].

2.9. Determination of Total Phenolic Content

The total phenolic content (TPC) was measured by a Folin–Ciocalteu assay [17] with
minor modification according to [18]. Sorghum extracts were obtained by finely grinding
wholegrain sorghum in a laboratory mill (Brabender, Laboratory Mill SM4, Duisburg,
Germany) and passing it through a 0.5 mm sieve. Then, 50 mg of grounded grain sample
was mixed with 1.5 mL of extraction solvent of methanol, water, and hydrochloric acid
solution (50:48.5:1.5, v/v/v). Extraction was carried out in an ultrasonic bath (Sonorex
DigiPlus DL 255 H, Bandelin, Taufkirchen, Germany) at a 37 kHz frequency, 25 ± 2 ◦C, and
100% amplitude for 30 min. The extract was then centrifuged (Sigma 3K30, Taufkirchen,
Germany) at 5000× g for 15 min. The extraction process was repeated, and the supernatants
were combined until the last extraction volume was reached at 5 mL for white sorghum and
10 mL for red sorghum samples. The extraction procedure was performed in duplicate for
all samples. A 500 μL of extract was mixed with 500 μL of Folin’s reagent (0.2 N) and 1 mL
of Na2CO3 solution (7.5%). The mixture was incubated at room temperature for 60 min
in the dark. Absorbance measurements were taken at 720 nm (Shimadzu UV-1800, Kyoto,
Japan), and results were expressed as mg Gallic Acid Equivalents (GAE)/100 g dry weight
(R2 = 0.9973).

2.10. Determination of Radical Scavenging Activity

The 2.2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity assay was
performed according to the method described by [19], with minor modifications. Then,
100 μL of the extract was mixed with the DPPH solution (0.1 mM) of 1900 μL that was
allowed to stand for 30 min at room temperature in the dark. The absorbance was measured
at 515 nm. The results were expressed as mg Ascorbic Acid Equivalents (AAE)/100 g dry
weight (R2 = 0.9988).

2.11. Statistical Analysis

All measurements (mean ± standard deviation) were performed in triplicate. Statisti-
cal analyses were performed using one-way ANOVA (SPSS’16) at a significance level of
0.05. Tukey’s test was used to differentiate between mean values.
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3. Results and Discussion

3.1. Germination Process and Proximate Composition

The germination process for a duration of 7 days (Figure 1) resulted in significant
changes in the chemical composition of sorghum grains. The change in the proximate
composition (moisture level, protein, ash, lipid, and total starch contents) of red and white
sorghum grains is given in Table 2.

Figure 1. Images of germinated red and white sorghum grains.

Table 2. The proximate chemical composition of red and white sorghum grains.

Sample Moisture Ash Protein Lipid Starch

CW 11.31 ± 0.06 m 2.05 ± 0.05 b 12.58 ± 0.59 g 3.49 ± 0.05 b 53.71 ± 3.42 j

SCW 2.95 ± 0.20 cd 2.43 ± 0.18 c 13.49 ± 0.12 h 4.52 ± 0.42 ef 46.76 ± 0.23 h

GW1 2.34 ± 0.11 b 2.88 ± 0.05 de 12.14 ± 0.16 fg 4.49 ± 0.64 ef 44.9 ± 0.43 g

GW2 3.49 ± 0.34 ef 3.15 ± 0.19 ef 11.88 ± 0.67 f 4.85 ± 0.17 fg 41.41 ± 1.49 f

GW3 4.24 ± 0.31 g 3.23 ± 0.12 f 12.20 ± 0.32 fg 5.28 ± 0.15 h 40.59 ± 1.59 f

GW4 6.37 ± 0.49 i 3.60 ± 0.14 g 10.82 ± 0.65 e 5.41 ± 0.21 hi 35.19 ± 0.38 d

GW5 8.04 ± 0.33 j 4.43 ± 0.09 i 11.73 ± 0.61 f 5.79 ± 0.08 ij 27.80 ± 1.84 b

GW6 8.04 ± 0.33 j 4.75 ± 0.1 j 14.35 ± 0.04 i 6.08 ± 0.28 j 26.65 ± 0.62 b

GW7 8.85 ± 0.54 k 5.20 ± 0.08 k 15.02 ± 0.05 j 6.12 ± 0.25 j 22.59 ± 0.66 a

CR 11.35 ± 0.057 m 1.25 ± 0.06 a 9.91 ± 0.57 abcd 2.26 ± 0.14 a 61.87 ± 0.04 k

SCR 2.44 ± 0.31 m 3.10 ± 0.69 ef 10.13 ± 0.52 bcd 3.74 ± 0.56bc 49.06 ± 0.46 i

GR1 1.90 ± 0.063 a 2.78 ± 0.09 d 10.30 ± 0.07 cde 3.42 ± 0.06 b 43.44 ± 0.57 g

GR2 2.62 ± 0.075 bc 2.70 ± 0.18 cd 9.45 ± 0.28 a 3.64 ± 0.23 bc 45.04 ± 1.49 g

GR3 3.11 ± 0.13 de 3.00 ± 0.08 def 9.87 ± 0.06 abcd 4.04 ± 0.31 cd 40.97 ± 0.32 f

GR4 3.83 ± 0.11 fg 3.23 ± 0.05 f 9.74 ± 0.05 abc 4.3 ± 0.13 de 38.8 ± 0.30 e

GR5 4.19 ± 0.29 g 3.28 ± 0.05 f 9.61 ± 0.22 ab 4.61 ± 0.07 ef 37.79 ± 0.24 e

GR6 5.54 ± 0.12 h 3.30 ± 0.00 f 10.39 ± 0.24 de 5.14 ± 0.12 gh 35.42 ± 0.50 d

GR7 5.97 ± 0.56 i 4.13 ± 0.09 h 12.28 ± 0.04 fg 5.33 ± 0.22 h 31.59 ± 0.35 c

Data (g/100 g DM) are expressed as mean values ± standard deviation. Means marked with the same letter are
not statistically different from each other (p < 0.05) CR: Control Red Sorghum, SCR: Soak Control Red Sorghum,
GR1: Germination Sorghum Red 1 day, GR7: Germination Sorghum Red 7 days; Cw: Control White Sorghum, SCW:
Soak Control White Sorghum, GW1: Germination Sorghum White 1 days, GW7: Germination Sorghum White
7 days.
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In Table 2, it becomes apparent that white sorghum grains exhibit a more abundant
composition regarding ash, protein, and lipid content. The protein content of both samples
increased following a 7-day germination period, with a notable rise of 23% in red sorghum
and 19% in white sorghum. Previous studies in the literature have indicated that this
increase in protein content is attributed to the elevation of specific amino acids such as
lysine, valine, phenylalanine, methionine, and tryptophan during germination [4]. Similar
findings were reported by [1], who observed a significant increase in protein content after
applying the germination process to corn in a study resembling ours. Furthermore, [20]
conducted a study on quinoa germination (72 h) and found that protein content increased
(control sample: 9.6 g/100 g, 72 h sample: 26 g/100 g), while lipid content decreased
(control: 15.2 g/100 g, 72 h germinated sample: 7.6 g/100 g).

The increased crude protein content during germination can be explained by the
production of enzymes by the developing seed, compositional changes resulting from the
breakdown of other elements, and the synthesis of newly formed proteins. For instance,
α-amylase enzymes break down starch granules, releasing packed proteins from the seed
structure. Additionally, increased protease enzyme activity during germination leads to
the breakdown of peptide components into amino acids, thereby increasing the protein
content of germinated grains. Respiration during the germination process contributes
to the biological synthesis of new amino acids, while losses in dry matter, particularly
carbohydrates, also play a role in protein content enhancement [20,21].

Regarding other compositional changes, both samples exhibited an increase in ash,
moisture, and lipid content during germination, while starch content decreased. The germ
of grain seeds contains the majority of crude lipids, and during germination, enzymes
hydrolyze triacylglycerol, resulting in the production of free fatty acids. These fatty acids
undergo β-oxidation in the cytosol and mitochondria, generating vital energy to support
seed development. Consequently, a decrease in crude fat content is expected during germi-
nation. However, in our study, an increase in lipid content was observed, which differs from
the decrease reported in legume germination [20]. During the germination of sorghum, the
increase in fat content can be attributed to various factors. Firstly, the mobilization of stored
reserves within the seed, including lipids, proteins, and carbohydrates, provides energy
for the growing seedling. As the seed undergoes metabolic processes, the breakdown of
stored proteins and carbohydrates may lead to the synthesis and accumulation of fats.
Additionally, the activation of lipid biosynthesis pathways during germination contributes
to the production of new lipids required for cell division and expansion. Overall, the
increase in fat content during sorghum germination reflects complex biochemical processes
essential for seedling growth and development.

Moisture content decreased in both samples during germination, which can be at-
tributed to the drying process that occurs after germination—an essential stage for complet-
ing the process. Additionally, extended storage periods contribute to moisture reduction,
thereby slowing the growth of germs. The increase in ash content in both samples (red
sorghum: 66%, white sorghum: 154%) aligns with the findings of previous studies [22,23].
It has been reported that the increase in ash during germination is due to a decrease in
the amount of total soluble dry matter [22]. Discrepancies in results could be attributed to
variations in varieties, geographic factors, treatment conditions, and analytical methods.
Additionally, [1] found that proteins and carbohydrates in ash act as coenzymes in catalysis
and are, therefore, highly consumed.

The amount of starch, crucial for sorghum digestibility, notably decreased during
germination (red sorghum: 49%, white sorghum: 58%). The reduced starch content results
from the increased activity of amylase and pullulanase enzymes, leading to the breakdown
of starch molecules into maltose, maltotriose, and other oligosaccharides. Enzymes such as
α-amylase, glucosidase, dextranase (produced in aleurone), and β-amylase (produced in
endosperm) are activated during germination and contribute to starch hydrolysis [20,24].
Our study findings are consistent with those reported by [20,22,24].
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3.2. Mineral Substance Composition with ICP-OES

White- and red-colored sorghum samples were analyzed in terms of macro- (calcium,
potassium and magnesium) and microelement (iron and zinc) amounts following a 7-day
germination period, and the results are given in Figure 2.

 
(a) 

 
(b) 

Figure 2. Effect of germination process on macro- (a) and micro- (b) element distribution of white and
red sorghum samples. Data (g/100 g DM) are expressed as mean values ± standard deviation. Means
marked with the same letter are not statistically different from each other (p < 0.05) Cw: Control White
Sorghum, GW1: Germination Sorghum White 1 days, GW4: Germination Sorghum White 4 days,
GW7: Germination Sorghum White 7 days, CR: Control Red Sorghum, GR1: Germination Sorghum
Red 1 day, GR4: Germination Sorghum Red 4 days, GR7: Germination Sorghum Red 7 days.
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In Figure 2, it is evident that white-colored sorghum samples exhibit a more abundant
profile concerning both macro- and micro-element content compared to their red-colored
counterparts. Notably, the first day of the germination process resulted in a decrease in the
levels of macro- and microelements in both sorghum samples. When considering the germi-
nation process as a whole, an overall increase, particularly in the levels of macroelements
such as Ca, K, and Mg, was observed as the germination duration extended.

In the case of white sorghum grains subjected to a 7-day germination process, the
calcium content increased from 163.23 mg/L to 584.43 mg/L, and the magnesium content
increased from 534.3 mg/L to 643.98 mg/L. However, there was a reduction of 2.3%,
1.6%, and 9.7%, respectively, in the levels of iron, potassium, and zinc compared to the
initial raw material. Conversely, red-colored sorghum samples displayed a consistent
decrease in elemental content during germination. The calcium content increased from
326.21 mg/L to 292.53 mg/L, the iron content increased from 18.99 mg/L to 15.99 mg/L,
the potassium content decreased from 1356.14 mg/L to 975.59 mg/L, and the magnesium
content decreased from 500.19 mg/L. The zinc content exhibited a minimal decrease from
13.58 mg/L to 13.46 mg/L in the raw material.

These findings align with other studies in the literature. For instance, a study by [1]
on germinated pea flour for 72 h indicated an 11.12% increase in calcium content and an
8.97% decrease in zinc content, which is consistent with our results. In another study, [1]
reported that the germination of corn for 24 h led to a 79% increase in iron content and
an 80% increase in zinc content. Furthermore, a study by [25] on germinated rice (nor-
mal brown, Heukjinju, and Keunnujami) indicated that calcium content increased and
potassium content decreased. However, in the case of brown rice, all mineral substance
values (calcium, magnesium, potassium, phosphorus) increased with germination. In a
study conducted by [26], which investigated the effects of various treatments (soaking,
cooking, germination, and fermentation) on sorghum composition, it was reported that
the germination process had a diminishing effect on mineral element levels in different
sorghum varieties. In the same study, it was noted that the soaking process also contributed
to this reduction. Additionally, in a study where two different sorghum cultivars were
soaked for 22 h at room temperature and subsequently germinated for 36 and 48 h, it
was reported that the mineral content (iron, zinc, and calcium) of both cultivars increased
significantly with prolonged germination. This increase was attributed to the loss of solute
content in the washing and soaking water [27].

The variation in results among different studies can be attributed to factors such as
the phytate content of sorghum, phytase activation, the degree of mineral binding, or the
interaction of these factors [28], as indicated in the existing literature data.

3.3. Crude Fiber Composition

The Acid Detergent Fiber (ADF), Neutral Detergent Fiber (NDF) and Acid Detergent
Lignin (ADL) contents of germinated red- and white-colored sorghum samples are given
in Table 3.

The total plant cell wall matrix, comprising major components such as NDF (Neutral
Detergent Fiber), cellulose, hemicellulose, and lignin, as delineated in Table 3, plays a
crucial role in the structural composition of sorghum grains. The ADF (Acid Detergent
Fiber) encompasses lignocellulosic materials composed of lignin and cellulose, while ADL
(Acid Detergent Lignin) denotes crude lignin.

The germination process caused an increase in NDF, ADF, and ADL values in both
red and white sorghum samples compared to the control samples. This increase, although
not consistently linear with respect to the progression of germination time, was found
to be approximately 84% and 12%, respectively, for red and white sorghum in terms of
NDF values; around 26% and 260% for ADF values; and 3% and 171% for ADL values,
respectively, on the seventh day of germination compared to the control samples.
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Table 3. The effect of germination process on dietary fiber composition of sorghum samples.

Sample
Neutral Detergent Fiber

(NDF, %)
Acid Detergent Fiber

(ADF, %)
Acid Detergent Lignin

(ADL, %)

CW 25.08 ± 1.23 d 2.73 ± 0.40 bc 0.43 ± 0.07 abcd

SCW 25.51 ± 0.69 d 0.97 ± 0.58 ab 0.26 ± 0.10 a

GW1 15.98 ± 0.95 bc 0.74 ± 0.54 a 0.40 ± 0.08 abcd

GW2 11.10 ± 0.91 ab 1.20 ± 0.32 ab 0.33 ± 0.13 ab

GW3 11.30 ± 2.07 ab 0.98 ± 0.33 ab 0.35 ± 0.12 abc

GW4 24.02 ± 5.28 d 3.09 ± 0.70 c 0.67 ± 0.01 abcdef

GW5 30.69 ± 6.57 e 5.82 ± 0.50 d 1.02 ± 0.31 ef

GW6 28.62 ± 0.35 de 6.06 ± 0.34 de 0.93 ± 0.21 ef

GW7 29.05 ± 0.61 de 8.81 ± 1.93 fg 1.33 ± 0.43 f

CR 9.30 ± 0.14 a 9.30 ± 0.14 fg 1.06 ± 0.05 ef

SCR 7.72 ± 1.09 a 7.72 ± 1.08 efg 0.94 ± 0.00 ef

GR1 7.84 ± 1.02 a 7.83 ± 1.02 fg 0.95 ± 0.08 ef

GR2 7.17 ± 0.19 a 7.16 ± 0.19 def 0.61 ± 0.41 abcde

GR3 11.46 ± 0.29 ab 11.46 ± 0.29 h 0.80 ± 0.05 cdef

GR4 12.04 ± 1.56 abc 12.04 ± 1.55 h 0.75 ± 0.28 bcdef

GR5 11.41 ± 0.60 ab 11.40 ± 0.60 g 0.95 ± 0.09 ef

GR6 14.95 ± 0.05 bc 14.95 ± 0.05 h 0.85 ± 0.01 def

GR7 16.91 ± 0.36 c 16.91 ± 0.36 i 1.13 ± 0.01 ef

Data (g/100 g DM) are expressed as mean values ± standard deviation. Means marked with the same letter are
not statistically different from each other (p < 0.05). CR: Control Red Sorghum, SCR: Soak Control Red Sorghum,
GR1: Germination Sorghum Red 1 day, GR7: Germination Sorghum Red 7 days; Cw: Control White Sorghum,
SCW: Soak Control White Sorghum, GW1: Germination Sorghum White 1 days, GW7: Germination Sorghum White
7 days.

In a study conducted by [29], on germinated lentils, it was reported that germination
had a decreasing effect on the NDF amount, primarily due to the reduction in hemicellulose
content, while cellulose and lignin amounts (ADF and ADL) increased. Similarly, in another
study involving germinated cowpea samples, a decrease in hemicellulose and cellulose
content, coupled with an increase in lignin content, was observed [30]. Furthermore, it
was found that the crude fiber content increased by 212% in oats germinated for 72 h, as
reported by [31]. Another study involving the germination of buckwheat and quinoa for
72 h revealed a 71% increase and a 52% increase, respectively, in total fiber content. These
findings are attributed to the disruption of protein–carbohydrate interactions and structural
alterations in polysaccharides within the seed cell wall. Additionally, the observed rise
in fiber contents during the germination process can be explained by the loss of dry mass
resulting from starch hydrolysis through enzymatic action triggered during germination,
an increase in lignin content, and the degradation of cellular components such as lipids
and proteins [21].

3.4. Effect of Germination on Molecular Characterization of Sorghum Samples

FT-IR results showing the change in molecular structures of red- and white-colored
sorghum samples during germination are given in Figure 3.

The study data for the determination of the molecular structure of sorghum flour using
the FT-IR method revealed the existence of important active regions in the wavenumber
range of 1800 to 800 cm−1. While FT-IR peaks reveal starch and proteins as the most basic
components in sorghum, lipids and phenolic acids are characterized by peaks showing
much lesser amounts (Figure 3) [5].

Due to the FT-IR spectra, the peaks were seen at a wavelength of approximately
3400 cm−1 for both sorghum samples (between 3420 and 3448 cm−1 for white sorghum
samples and between 3400 and 3426 cm−1 for red sorghum samples). It has been defined
as starch and protein molecules that are mainly responsible for the stretching actions of
O-H and N-H bonds. The peaks seen at 1652 and 1538 cm−1 wavelengths characterize the
amide I (C=O) and amide II (N-H, C-N) regions that form the basic structure of the protein
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molecule [5]. These peaks were detected in the wavelength ranges of 1647–1653 cm−1

(amide I) and 1540–1558 cm−1 (amide II) for both sorghum cultivars, respectively. The
peaks in the wavelength range of 1400–900 cm−1 are characterized by another important
basic component of sorghum: the starch molecule [5].

(a) 

(b) 

Figure 3. Effect of germination process on FT-IR of white (a) and red (b) sorghum samples.
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FT-IR analysis shows that the germination process causes significant changes in the
structures of carbohydrate and protein molecules of white and red sorghum samples. It is
seen that this change has gained a more prominent feature depending on the increasing
germination time, especially in white sorghum samples. These changes are very important
in terms of improving the functional properties of germinated white sorghum samples.

Different intensity peaks seen in the wavelength range of 1400 to 900 cm−1 in the
FT-IR spectrum were associated with the crystallinity level in sorghum starch due to the
change in the amylose/amylopectin ratios forming the starch [32]. With germination, the
band ratio in the starch molecule increased at the end of the seventh day compared to the
raw material in white sorghum. This is due to the hydrolysis of starch by α- and β-amylase
with germination [33]. However, this change was not observed in the red sorghum. This is
thought to be due to botanical and genetic differences. Our study results are not similar to
the 72 h germination of mung bean and the change in starch [34] but are similar to [33].

Infrared spectrum data show that the germination process causes a significant change
in the molecular structure of white and red sorghum grains. Different germination times
caused different rates of change in both sorghums. The germination process in white
sorghum samples for 24 h caused the most change in the molecular structure of the samples
compared to the control sample, while this period was determined as 4 days for red
sorghum samples [35]. Groups of observers of germinated HomChaiya rice reported that it
peaked at day 7 in the sequence of enzymatic hydrolysis of the outbreak, which occurred
on day 5, which is in line with our study.

3.5. SEM Images of Sorghum Samples during Germination

SEM images of white and red sorghum samples are given in Figure 4 to better reflect
the change in their molecular structures during the 7-day germination period.

The data show that there is a very strong destruction of starch granules and protein
structures compared to control samples due to increased germination time. While it is
possible to see individual starch granules surrounded by proteins, especially in the control
samples, at the end of the 7-day germination period, the protein structures separate from
the starch granules and lose their visibility. Starch granules, on the other hand, are eroded
in the regions where the proteins are restricted. The study data are in agreement with the
FT-IR results showing a decrease in the amount of protein and a change in the amount
of starch. The effects of the germination process on red and white sorghum grains are in
agreement with similar studies [36]. Enzymatic hydrolysis occurs during grain germination,
and starch is released from the interconnection and entanglement of proteins and fibers,
changing the structure of flour. Protein and fiber are hydrolyzed into amino acids and
glucose [36]. The enzyme activity occurs during germination. Initially, starch hydrolysis
starts after the enzyme adheres to the starch surface. The channels that allow the enzyme
to spread into the granule center widen in the second stage as hydrolysis progresses and
the number of tiny holes on the granule surface rises. The catalytic enzyme action degrades
and modifies the granule surface in the final stage. Moreover, as a result of the change in
molecular structure brought about by the rise in granule porosity, the crystallinity of the
granules decreases [22].

In a previous study, it was reported that the polyhedral starch that adhered to the
protein matrix in barley grain with germination was separated from the first day. This
is due to the increase in enzymatic activity with germination. It was also reported in
the study that the maximum activity of α-amylase occurs between the third and fifth
days, while the protease can start from the fifth day of germination. Depending on the
germination conditions and seed viability, the varying enzymatic activity has an impact on
the various changes in the morphology of the grain throughout the germination period.
According to several studies, the starch granules in cereals dissolve during germination,
leaving them with rough surfaces and pinholes. The eroding of the granule surface or the
digestion of the channels from the chosen locations on the surface towards the center are
thought to be the causes of partial hydrolysis of starch. The uneven modification of the
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surface might be the result of variation in the susceptibility to hydrolytic enzyme activity
during germination. The enzyme spreads to the solid surface and is adsorbed through
the sites; finally, the catalytic reaction is produced. Adsorption can be affected by granule
size, surface characteristics, and minor constituents, such as proteins and lipids on the
surface [22,33]. The effect of germination on morphological traits is compatible with [22].

 

Figure 4. SEM images of white and red sorghum samples during germination process. Cw: Control
White Sorghum, GW4: Germination Sorghum White 4th day, GW7: Germination Sorghum White 7th
day, CR: Control Red Sorghum, GR4: Germination Sorghum Red 4th day, GR7: Germination Sorghum
Red 7th day.

3.6. Color Values of Sorghum Samples

The grain color is related to pigments in the testa and pericarp [37]. The phenolic
compounds (tannins and anthocyanins) or starch granules are the color pigments in the
sorghum pericarp [38]. The color changes during the germination in red and white sorghum
are presented in Table 4. The L* value indicates the lightness of the flour and ranges be-
tween 0 (black) and 100 (white). L* values were in the range between 73.50 and 1.41 (red)
and 80.27 and 2.25 (white) in ungerminated sorghum flour. The lightness values of red and
white sorghum were decreased significantly with the germination process (p < 0.05) and
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were measured similar in both grains after 7 days of germination (Table 4). [39] stated that
the decreasing lightness value associated with the increasing protein content during germi-
nation. L* values of raw wheat (85.29) and sorghum (86.58) flour were comparable with
the lightness of ungerminated white sorghum [40]. Flour color generally affects the color
of finished products, and high L* values are more desirable for many baking goods [41].
The L* value (72.04 ± 1.38) of a cookie made from wheat flour was found higher compared
to a cookie made from germinated (50.01 ± 1.99) and ungerminated (59.13 ± 2.45) minor
millet flour [39]. Positive a* and b* values indicate redness and yellowness in the sample.
a* values were 2.30 and 5.10 in raw white and red sorghum, respectively. The a* values
in white and red sorghum grains increased during the germination process, while the b*
values did not change significantly (p > 0.05).

Table 4. Effects of germination on CIE color parameters of red and white sorghum samples.

L* a* b* C* hº

CW 80.27 ± 2.25 ab 2.30 ± 0.46 c 13.74 ± 0.74 a 13.93 ± 0.81 a 80.57 ± 1.36 a

SCW 80.58 ± 1.58 ab 2.03 ± 0.30 c 14.09 ± 0.28 a 14.24 ± 0.30 a 81.81 ± 1.12 a

GW1 82.28 ± 1.22 a 1.78 ± 0.17 c 14.15 ± 0.60 a 14.26 ± 0.62 a 82.83 ± 0.37 a

GW2 82.25 ± 1.09 a 1.94 ± 0.14 c 13.63 ± 0.41 a 13.76 ± 0.42 a 81.93 ± 0.43 a

GW3 80.61 ± 0.70 ab 2.28 ± 0.14 c 13.82 ± 0.19 a 14.01 ± 0.20 a 80.65 ± 0.50 a

GW4 78.00 ± 1.34 bc 2.40 ± 0.22 c 13.85 ± 0.84 a 14.06 ± 0.81 a 80.11 ± 1.31 a

GW5 75.44 ± 0.94 cd 3.39 ± 0.45 b 13.03 ± 0.22 a 13.47 ± 0.28 a 75.44 ± 1.76 b

GW6 73.68 ± 0.33 d 3.76 ± 0.18 ab 12.97 ± 0.72 a 13.50 ± 0.66 a 73.80 ± 1.43 bc

GW7 69.55 ± 1.36 e 4.47 ± 0.71 a 13.40 ± 0.92 a 14.15 ± 0.77 a 71.47 ± 3.50 c

CR 73.50 ± 1.41 abc 5.10 ± 0.54 b 11.47 ± 0.68 b 12.55 ± 0.85 b 66.07 ± 1.02 ab

SCR 71.35 ± 1.07 bcd 5.24 ± 0.20 b 12.36 ± 0.70 ab 13.42 ± 0.71 ab 67.02 ± 0.53 a

GR1 70.34 ± 0.93 cd 5.74 ± 0.21 b 13.36 ± 0.30 a 14.54 ± 0.32 a 66.73 ± 0.63 a

GR2 72.97 ± 1.14 abc 5.55 ± 0.19 b 12.23 ± 0.59 ab 13.43 ± 0.58 ab 65.57 ± 0.92 ab

GR3 73.59 ± 1.05 ab 5.58 ± 0.45 b 12.52 ± 0.40 ab 13.71 ± 0.48 ab 66.01 ± 1.57 ab

GR4 74.11 ± 0.68 a 5.47 ± 0.14 b 11.91 ± 0.54 b 13.10 ± 0.53 b 65.33 ± 0.81 ab

GR5 73.73 ± 1.52 ab 5.97 ± 0.58 b 11.69 ± 0.43 b 13.13 ± 0.65 b 63.02 ± 1.46 bc

GR6 70.66 ± 1.39 cd 6.95 ± 0.20 ab 11.95 ± 0.28 b 13.82 ± 0.21 ab 59.82 ± 1.14 cd

GR7 69.54 ± 0.63 d 7.22 ± 0.70 a 12.03 ± 0.52 b 14.04 ± 0.39 ab 59.03 ± 3.20 d

Data are presented as the “mean ± standard deviation” of three independent experiments (n = 3). a−d: Lowercase
letters indicate the effect of germination time on the CIE color value. Means followed by the same letter do not
differ significantly at p = 0.05 according to Tukey multiple ranges.

3.7. Total Phenolic Content

The effects of germination on the red- and white-pigmented pericarp sorghum grains
exhibited significant variation in TPC at p < 0.05 (Figure 5).

The phenolic content in red sorghum varied from 89.76 ± 8.31 mg GAE/100 g to
379.5 ± 6.92 mg GAE/100 g during the germination. After 72 h of germination, TPC
was increased three times in red sorghum when compared to the ungerminated control
sample (136.64 ± 3.76 mg GAE/100 g). Similarly, the phenolic content of white sorghum
increased significantly (p < 0.05) from 52.84 ± 3.31 mg GAE/100 g (CW) to 151.76 mg
GAE/100g (GW7). The red- and white-pigmented pericarp sorghum grains exhibited a
significant difference in TPC, while similar increase ratios were observed for phenolic
content after germination. [42] demonstrated that the black pericarp sorghum variety had
the highest TPC at 11.50 ± 1.81 mg GAE /g, followed by the brown pericarp sorghum at
3.58 ± 1.63 mg GAE/g. However, the red- and white-pigmented pericarp varieties did
not exhibit a significant difference in TPC. The results are comparable with the findings
of [43], who reported a 39.74% increase in the TPC after 48 h of germination in sorghum.
Many studies showed that germination processes clearly increase TPC in quinoa, amaranth,
buckwheat, and millet [21,44,45]. Phenolic compounds can be found in free or bound
forms in cereals. Free phenolic compounds are located in the pericarp and can usually be
extracted with an organic solvent. It is thought that the total amount of phenolics produced
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by the germination process may be due to the oxidation of endogenous phenolics by the
activity of enzymes such as peroxidase and polyphenol oxidase [46].

Figure 5. Effects of germination on total phenolic and antioxidant activity of sorghum samples.
a−f: Lowercase letters indicate the effect of germination time on the TPC and DPPH value. Means
followed by the same letter do not differ significantly at p = 0.05 according to Tukey multiple ranges;
A−B: capital letters indicate the effect of sorghum variety at the same germination time. Means
followed by the same letter do not differ significantly at p = 0.05, according to the t-test.

3.8. Radical Scavenging Activity

The DPPH free-radical-scavenging activity of red- and white-pigmented pericarp
sorghum is presented in Figure 5.

The red sorghum grain had significantly higher antioxidant activity in comparison to
the white sorghum grains at p < 0.05. The germination process was significantly effective in
both red and white grains and reached its highest level (184.94 mg AAE/100g and 55.46 mg
AAE/100g, respectively) after 7 days of germination. Previous studies have also indicated
that germination has an enhancing impact on the DPPH scavenging activity of sorghum
grains [43,47]. The DPPH scavenging activity of germinated wheat, barley, and millet
grain was increased significantly from 1.37–1.64 g AAE/g to 3.19–3.76 g AAE/g after 72 h
of germination [48]. The antioxidant activity (DPPH) of germinated amaranth, quinoa,
and buckwheat grains also was significantly higher (35–178%) than that of ungerminated
grains [21]. The antioxidant potential of cereal grains is mostly derived from phenolic
compounds, which are also crucial in the prevention and management of degenerative
illnesses. This study demonstrates that germination offers a novel strategy for advancing
the development of sorghum seed as a useful food for human consumption.

4. Conclusions

Sorghum, due to its rich composition of bioactive compounds, low digestibility, high
antioxidant capacity, and its resilience to drought conditions among cereal crops, is consid-
ered a highly important food resource for future human nutrition. This study investigates
the impact of germination, specifically over a period of 7 days, on red and white sorghum
grains, focusing on pivotal parameters associated with the germination process such as
nutritional fiber content, protein and starch characteristics, and bioactive compounds.
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During germination, there was a notable increase in protein and lipid content, accom-
panied by a decrease in starch content. White sorghum grains exhibited heightened levels
of calcium and magnesium but experienced reductions in iron, potassium, and zinc. Con-
versely, red sorghum grains consistently displayed a decline in mineral content throughout
germination. Prolonged germination durations correlated with elevated values of NDF,
ADF, and ADL in both red and white sorghum samples when compared to control groups.
This escalation in dietary fiber content holds significance for the functional attributes of
sorghum grains with regards to health considerations.

Germination led to the separation of starch granules from their protein coatings
and increased the damage to starch granules. Starch granules with altered molecular
structures due to germination are transformed into healthier forms for nutrition. With a
7-day germination period, total phenolic content and antioxidant activity reached their
maximum levels in both red and white sorghum, and the difference compared to the control
group was statistically significant. After 72 h of germination, the TPC in germinated seeds
exhibited a threefold increase compared to ungerminated seeds.

This study is highly significant for increasing the potential use of red and white
sorghum varieties, which are currently only used as animal feed in most countries such as
Turkey, in human nutrition by subjecting them to the germination process and determining
the effects of germination at different durations on the functional composition of sorghum.
During the 7-day germination period, an increase was observed in all parameters analyzed
within the scope of the study, and the germination process positively affected the functional
properties that determine the positive effects of both white and red sorghum samples on
health. From a future perspective, digestibility experiments are needed to determine the
optimum germination time more precisely. In particular, investigating the digestibility of
sorghum proteins during germination is highly important.
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Abstract: The formation of resistant starch type 5 (RS5), primarily associated with amylose–lipid
complexes, is typically attributed to starches with high-amylose content due to their affinity for lipid
interactions. Recently, studies have also investigated the potential of amylopectin-rich starches to
form amylopectin–lipid complexes (ALCs), expanding RS5 sources. This study explores the capacity
of waxy corn starch (WS), which is rich in amylopectin, to develop ALCs with oleic acid (10% w/w)
under different thermal and mechanical conditions. Specifically, WS was treated at temperatures of
80 ◦C, 85 ◦C, and boiling, with stirring times of 0 and 45 min. Results demonstrated significant ALC
formation, reaching a peak complexation index (CI) of 59% under boiling conditions with 45 min
of stirring. Differential scanning calorimetry (DSC) identified a notable endothermic transition at
110 ◦C, indicating strong ALC interactions. FTIR spectra further evidenced starch–lipid interactions
through bands at 2970 cm−1 and 2888 cm−1. X-ray diffraction (XRD) analysis confirmed the presence
of orthorhombic nanocrystals in native WS, with ALC samples exhibiting a V-type diffraction pattern,
supporting effective complexation. This study advances knowledge on starch–lipid interactions,
suggesting ALCs as a promising RS5 form with potential food industry applications due to its
structural resilience and associated health benefits.

Keywords: amylopectin–lipid complex; orthorhombic; oleic acid; waxy starch; gelatinization

1. Introduction

Resistant starch type 5 (RS5) is highly valued in the food industry for its versatility
and functional properties [1]. Its popularity stems from its accessibility, cost-effectiveness,
non-toxicity, biodegradability, and ability to selectively release bioactive compounds within
the gastrointestinal tract, making it an excellent candidate for targeted nutritional appli-
cations [2]. Consequently, exploring cost-effective and efficient methods to produce this
type of resistant starch is essential, particularly those that can also deliver enhanced health
benefits. Amylose–lipid complexes, also known as RS5, are formed through interactions
between fatty acids and the amylose helix. However, several factors significantly influ-
ence the formation of these complexes [3–5]. These factors include the amylose content of
the starch, the type of lipid involved in the interaction, and the processing method used
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[6–11]. Understanding these factors is crucial for comprehending how RS5 is formed and
characterized during the various processes used to obtain it.

Starches with a high amylose content have been shown to produce a greater propor-
tion of RS5 because amylose molecules exhibit a strong affinity for interacting with lipid
compounds, leading to the formation of amylose–lipid complexes [12–15]. This is primarily
due to the hydrophobic properties of the amylose helix, which enable it to interact and
self-assemble with other amylose helices and non-polar lipids [16–18]. However, obtaining
such starches can often involve genetic modification, which may make them a costly source
of raw material [19]. Moreover, when analyzing interactions with other macromolecules
and the effects of various processing methods, it is essential to recognize that starch should
be considered a complex particle. In this context, the formation of amylose–lipid com-
plexes particularly depend on the ability of gelatinized amylose to align into a single
helix around the complex-forming element, a process facilitated by interactions between
methylene groups and glycosidic bonds [20]. While the physical properties of amylose
are widely acknowledged as crucial for the formation of amylose–lipid complexes, the
temperatures typically used are often insufficient to achieve gelatinization of amylose-rich
starches [21]. In this context, the parameters governing gelatinization are critical for the
successful formation of RS5.

Regarding temperature, it has been reported that the formation of starch–lipid com-
plexes depends on the size of the interacting macromolecule. The formation of RS5 is
possible through thermal treatments at temperatures above 100 ◦C. This suggests that
complex formation occurs during the gelatinization of starch; as such, temperatures allow
the opening of the double helix structure of amylose chains or the fragmentation of amy-
lopectin molecules. Therefore, starches rich in amylopectin may be a more accessible source
for RS5 formation. In this context, the formation of these complexes using high-amylopectin
rice starch through enzymatic debranching has been reported [22–24]. This process results
in fractions with shorter chain lengths, and the studies highlight that these shorter chains
can facilitate interactions with lipids. In another study, Luo et al. [25] reported that the
size of the chains obtained by amylopectin debranching significantly affects their ability
to interact with lipids. Specifically, wider helical fragments consisting of eight glucose
units per turn were significantly more prone to form complexes with free fatty acids than
shorter, narrower chains with fewer than eight glucose residues per turn. However, the
enzymatic pathway for RS5 production is often costly and yields relatively low amounts,
making it less attractive for industrial applications. An alternative approach could involve
modifying amylose and amylopectin chains through thermal treatments, providing a more
practical option [26,27]. The above suggests that an interaction between fatty acid and
amylopectin-rich starch under specific conditions could result in an increased RS5 content.
This opens new possibilities for creating RS5 from various starch sources, not limited to
those high in amylose.

On the other hand, the type of fatty acid influences the formation of complexes with
starch molecules and affects the content of RS5. Saturated fatty acids have been found to
promote the formation of these complexes more effectively than unsaturated fatty acids,
resulting in higher levels of RS5. Ai et al. [28] studied the effects of various types of
lipids, including triglycerides (e.g., corn oil), phospholipids (e.g., soy lecithin), and free
fatty acids with different chain lengths and degrees of unsaturation, on the enzymatic
hydrolysis and thermal properties of starches from different sources such as normal corn,
tapioca, waxy corn, and high-amylose corn. The authors reported that the type of lipid
used significantly influenced the enzymatic hydrolysis rate and the thermal properties
of the starch. Specifically, complexes formed with oleic acid exhibited lower degrees of
hydrolysis. Oleic acid, a monounsaturated fatty acid, is known for its health benefits,
including potential positive effects on cardiovascular health, could therefore enhance the
nutritional value of resistant starch. In this context, the formation of resistant starch with
essential fatty acids like oleic acid could confer additional health benefits [28–31].
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These findings suggest a possible interaction between oleic acid and amylopectin-
rich (waxy) starch under certain conditions, leading to a higher content of RS5 [26,32].
Understanding the amylopectin–lipid interaction could potentially lead to the develop-
ment of new functional starches and ingredients for the food industry, offering potential
applications in addition to health benefits.

Other studies have looked at the gelatinization process and the involvement of starch
components in a physical way. According to Vega-Rojas et al. [33] and Esquivel-Fajardo
et al. [34], the gelatinization of starch involves the solvation of the orthorhombic and/or
hexagonal crystal structures. This solvation process requires a suitable temperature, water
concentration, and exposure time. Therefore, the formation of RS5 can be influenced
by the processing conditions, including time and temperature during the gelatinization.
However, further studies are needed to fully understand the interactions between the main
components of starch, and the mechanisms behind the formation of amylose–lipid and
amylopectin–lipid complexes, as well as the possible presence of nanocrystals.

Therefore, the aim of this study was to investigate the formation of amylopectin–lipid
complexes using high-amylopectin maize starch (waxy) to produce RS5. Oleic acid was
employed as the complexing lipid under different conditions, including temperatures
of 80, 85 ◦C, and boiling, and stirring times of 0 and 45 min. The interaction between
amylopectin and oleic acid in forming RS5 was thoroughly evaluated using structural char-
acterization techniques, including X-ray diffraction and transmission electron microscopy
(TEM), scanning electron microscopy (SEM) for morphological analysis, FTIR vibrational
spectroscopy, and resistant starch quantification.

2. Materials and Methods

2.1. Biological Material Results

In this study, a commercially available high amylopectin (waxy) corn starch (Amioca,
CODE: 04401106) from Ingredion ® (Ingredion Mexico, S.A. de C.V., Queretaro, Qro City,
Mexico) was used. The waxy corn starch contained 10.0 ± 0.3% moisture, 1.1 ± 0.2%
ash, 0.2 ± 0.2% lipids, 0.3 ± 0.1% protein, 98.4 ± 1.2% total starch, 11.1± 0.3% amylose,
87.3 ± 0.3% amylopectin on a dry matter basis. Oleic acid (O1008 Sigma Aldrich®, St. Louis,
MO, USA) was used as the test lipid.

2.2. Amylopectin–Lipid Complex Formation

To obtain the amylopectin–lipid complexes, 20 g of waxy corn starch was stirred in
30 mL of distilled water at room temperature. Separately, 220 mL of water was heated to
80, 85 ◦C, and boiling temperature. The previously hydrated starch was then added to the
heated water. Once the mixture reached the desired temperature, oleic acid was added at a
concentration of 10% (w/w), having been previously dissolved in 10 mL of ethanol.

The mixture of starch, water, and fatty acids was stirred continuously for 0, 15, 30, and
45 min for each treatment. After stirring, each mixture was cooled in an ice bath for 10 min.
The samples were then centrifuged at 15,785× g for 10 min to remove excess water. The
resulting precipitate was washed with ethanol to remove the free fatty acids. Finally, the
samples were dried at 40 ◦C for 24 h, ground, sieved through a 60-mesh screen, and stored
in plastic bags for further analysis (Figure 1).

2.3. Complexation Index

The complexation index (CI) was measured according to the method described by
Chao et al. [12]. The amylopectin–lipid complex (0.4 g) was transferred into 50 mL tubes
and diluted with water to a total weight of 5 g. The CI was determined as follows: The
suspension was boiled in a water bath for 10 min with constant stirring. After heating,
each sample was cooled at room temperature (25 ± 1 ◦C), then 25 mL of distilled water
was added, and the sample was shaken for 2 min. The sample was then centrifuged
at 3000× g for 15 min. A 500 μL portion of the supernatant was transferred to a test
tube, followed by the addition of 15 mL of distilled water and 2 mL of iodine solution
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(2.0% KI and 1.3% I2 in distilled water). The absorbance at 620 nm was measured using
a UV-VIS spectrophotometer (Thermo Scientific, Waltham, MA, USA. Multiskan Ascent,
model 51118307). Starch without added lipids was used as a reference. Finally, the CI was
calculated using the following equation (Equation (1)):

%CI =

(
Absre f erence − Absstarch−lipid

Absre f erence

)
× 100, (1)

where Absreference is the absorbance of the reference starch solution without treatment, and
Absstarch-lipid is the absorbance of the starch–lipid mixture.

Figure 1. Flow diagram describing the production of amylopectin–lipid complexes.

2.4. Scanning Electron Microscopy Analysis

The morphology of native waxy corn starch, amylopectin–oleic acid complexes, and
isolated RS5 was observed using a scanning electron microscope (JEOL, JSM-6060LV,
Kenji Kazato and Kazuo Ito in Mitaka, Tokyo) with an accelerating voltage of 5 kV and a
secondary electron detector. Samples were mounted on a sample holder with carbon tape
and gold-coated prior to analysis [7].

2.5. Nanocrystals Isolation

For the isolation of nanocrystals from waxy corn starch, the method proposed by Rojas-
Molina et al. [35] was employed. Specifically, 37 g of starch was suspended in 260 mL of
sulfuric acid (H2SO4, 3.16 M). The solution was maintained at 40 ◦C for 7 days with constant
stirring. The crystalline fraction of starch was recovered from the solution by centrifugation
at 15,785× g. Subsequently, the resulting pellet was washed with distilled water until a pH
of 5 was reached. Finally, to prevent solvation of the nanocrystals, an ammonia treatment
was performed to adjust the pH to 8–8.5, and the sample was stored at 4 ◦C.

2.6. Transmission Electronic Microscopy (TEM)

The aim of acquiring transmission electron microscopy (TEM) images of nanocrystals
was to determine the crystal directions and correlate them with the powder diffraction data
reported by Rodriguez-Garcia et al. [36] to ascertain the crystal structure.

TEM images of the isolated nanocrystals (INs) isolated from waxy corn starch were
obtained using a JEOL JEM-2200 FS transmission electron microscope (TEM) according to
the method proposed by Rojas-Molina et al. [35]. The sample was ultrasonically dispersed
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in isopropyl alcohol and deposited onto a 3 mm copper grid using a capillary tube. The
gird was then placed in a plasma cleaner (Glow Discharge Plasma Cleaner, SKU: M-PDC-
32G9, NY, USA) to remove volatile organics before imagining. TEM measurements were
conducted at an accelerating voltage of 80 kV. The crystal size of the nanocrystal was
determined using the Digital Micrograph V 4.0 software (Gatan Inc. Pleasanton, CA, USA).
An array mask was applied to clean the FFT signal and calculate the interplanar distances.

2.7. X-Ray Diffraction Patterns

X-ray diffraction patterns of the waxy corn starch amylopectin–lipid complex and the
isolated RS were obtained using a Rigaku diffractometer (Ultima IV model, Cedar Park,
TX, USA) equipped with a D/tex Ultra detector at 35 Kv and 15 mA. CuKα radiation
(λ = 1.5405 Å) was used, scanning the sample from 5 to 35 ◦ (2θ scale) with a step of 0.02◦ [36].

2.8. Differential Scanning Calorimeter Analysis

The waxy corn starch sample and the amylopectin–lipid complex were analyzed
using a differential scanning calorimeter (DSC 1 Star® System, Mettler Toledo, Greifensee,
Switzerland). The thermograms were obtained according to the method published by
Cervantes-Ramírez et al. [6], with slight modifications. Briefly, 0.5 g of each sample was
mixed with the distilled water to achieve 60% moisture content on a dry basis. The
mixtures were then stabilized at room temperature in sealed bags for 30 min. Subsequently,
10 ± 0.1 mg of each stabilized sample was weighed into an aluminum pan (40 μL), and the
pan was sealed with the T-press instrument. The sample was heated from 30 to 150 ◦C at
10 ◦C/min. These procedures were performed in duplicate.

2.9. Vibrational Characterization

The functional groups for the waxy corn starch components and amylopectin–lipid
complexes were determined using the method proposed by Cervantes-Ramírez et al. [6]
and Cabrera-Ramirez, et al. [7], using a Perkin Elmer IR spectrometer (Spectrum Two
model, Waltham, MA, USA) equipped with a diamond-coated attenuated total reflectance
(ATR) accessory.

2.10. Rapidly Digestible Starch, Slowly Digestible Starch, and Resistant Starch

The in vitro digestibility of starch was determined according to the method described
in the literature [37], with some modifications. Starch and the amylopectin–lipid complex
(100 mg each) were added to a centrifuge tube containing 12 mL of sodium acetate buffer
(pH: 5.2). The mixture was shaken for 20 s. A 0.5 mL aliquot, labeled GF (glucose-free)
was then withdrawn. Subsequently, 300 μL of amyloglucosidase and 100 μL of pancreatic
amylase were added. After enzyme addition, the mixture was incubated at 37 ◦C with
constant stirring. Aliquots of 0.5 mL were withdrawn after 20, 120, and 180 min. Each
aliquot was transferred to another tube, where 4.5 mL of ethanol (99%) was added, and
the mixture was centrifuged at 3000× g for 10 min. Once the reaction was complete, a
portion of the obtained pellet was collected from the samples treated at 80, 85 ◦C, and
boiling temperature with stirring times of 0 and 45 min, to characterize the resistant starch
fraction. Free glucose was then measured in all treatments using the glucose-peroxidase kit
(GAGO20, Sigma Aldrich). Each sample was analyzed in triplicate, and the proportions of
rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch (RS)
were calculated using the following equations:

%RSD =

(
(G 20 − FG)

TS

)
× 0.9 × 100, (2)

%SDS =

(
(G 120 − G20)

TS

)
× 0.9 × 100, (3)
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%RS =

(
TS − RSD − SDS)

TS

)
× 0.9 × 100, (4)

where FG represents the free glucose content, G20 for the released glucose content (mg)
after 20 min of incubation, G120 for the released glucose content (mg) after 120 min, and
TS (total starch) for the total released glucose (mg) after 180 min. RS refers to the resistant
starch content.

In order to determine the structural changes suffered by the RS fraction after digestion
process, a second test was performed according to the method described above. How-
ever, after the enzymatic treatment and before RS quantification, the resulting pellet was
recovered and analyzed with RDX for all samples.

2.11. Design and Statistical Analysis

Data are presented as mean ± standard deviation of independent experiments per-
formed in duplicate. Statistical analysis was performed using Minitab 16 (Minitab Inc.,
2010, State College, PA, USA). Analysis of variance (ANOVA) was performed using Tukey–
Kramer’s test to determine significant differences at p < 0.05 for multiple variables. Pearson
correlation was performed to find out the relationship between the studied variables and
to determine the treatment that provided the highest formation of RS5.

3. Results and Discussion

3.1. Complexation Index (CI)

Figure 2 presents the complexation index percentage for each treatment, which indi-
rectly indicates the amylopectin–oleic acid complex formation. Overall, the results show
that there is an almost linear relationship between the percentage of complexation index
and the increase in temperature and stirring time. Thus, higher temperatures (boiling
temperature) and longer stirring times (45 min) result in increased complexation index per-
centages, indicating greater formation of the waxy starch–oleic acid complex. Significantly
higher complex formation was observed at 85 ◦C (Figure 2B) and boiling temperature
(Figure 2C) with a stirring time of 45 min. The observed increase in the complex index
can be attributed to the gelatinization of the waxy starch. Previous studies have reported
that gelatinization of amylopectin-rich starch occurs between 62 and 73 ◦C [38]. In this
sense, the treatment at 80 ◦C is within the gelatinization temperature range, suggesting
that the waxy starch used in the experiment is partially gelatinized at this temperature.
When the temperature increases up to the boiling temperature, the degree of gelatinization
of the starch increases further. Consequently, the amylopectin chains are more efficiently
released, leading to the opening of the double helix structure of the branching chains and
helical opening [39], which increases the complex index (Figure 2C). Furthermore, Figure 2
shows that stirring time significantly influences the complexation index, in addition to
the effects of heating temperature. This observation suggests that the duration of stirring,
likely impacting the structural arrangement of amylopectin, plays a role as critical as starch
gelatinization in enhancing the complexation index.

The observed effects of temperature and stirring time suggest that these parameters
play a crucial role in the interaction between amylopectin and oleic acid, facilitating the
incorporation of the fatty acid and the formation of the amylopectin–oleic acid complex
[40,41]. This interaction may result in the physical entrapment of oleic acid in the amy-
lopectin chains, leading to the formation of a self-assembles complex [16]. The results
also indicate that hydrolysis of amylopectin (major component of starch) significantly
impacts the proportion of starch that can interact with a lipid chain to form a complex. This
hydrolysis can be induced by mechanical agitation such as constant stirring.

61



Foods 2024, 13, 3888

Figure 2. Complexation index of amylopectin and oleic acid at (A) 80 ◦C, (B) 85 ◦C, and (C) boiling
temperature at different stirring times. Different letters in the same column are statistically different
(p < 0.05). Table A1 in Appendix A shows the statistical analysis of temperature parameters.

Constant stirring leads to a more substantial mechanical breakage of the amylopectin
and amylose molecules, resulting in smaller fractions whose helical structures are easier
to dissociate. Previous studies have reported that the helical structure of these compo-
nents can be opened or swelled at certain temperatures, allowing the incorporation of
lipids [39]. Moreover, the helical opening of amylopectin plays a crucial role in complexes
formation [25]. Accordingly, the present study shows that increased stirring time and
temperature enhance the interaction between amylopectin and oleic acid due to the partial
hydrolysis of amylopectin.

This study demonstrates the importance of controlling temperature and interaction
time between fatty acids and the amylopectin or amylose components of waxy starch to
promote the formation of amylopectin–lipid complexes. The type of fatty acid must also
be considered, as its molecular structure can influence its incorporation into amylopectin
chains. For instance, oleic acid is an 18-carbon monounsaturated fatty acid whose cis-
double bond introduces a link in the hydrocarbon chain, causing chain twisting and steric
hindrance that may impede the formation of amylopectin–lipid complexes [17].

3.2. Scanning Electron Microscopy Analysis (SEM)

Figure 3 shows the SEM images used to study the morphological changes of the
waxy starch granules at different temperatures and stirring times. Additionally, Figure 3
shows the SEM images of the ALC samples after enzymatic digestion, allowing for the
examination of the morphology of the digestion-resistant part.
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Figure 3. Cont.
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Figure 3. SEM images of the (A) native waxy starch and the amylopectin–oleic acid complex at
different temperatures and stirring times (B) 80 ◦C at 0 min and (C) 45 min; (D) 85 ◦C at 0 min and
(E) 45 min; and (F) boiling temperature at 0 min and (G) 45 min. Figure 3 also shows the (H) native
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waxy starch after enzymatic digestion and the amylopectin–oleic acid complex at different tempera-
tures after enzymatic digestion (I) 80 ◦C/0 min, (J) 80 ◦C/45 min, (K) 85 ◦C/0 min, (L) 85 ◦C/45 min,
(M) boiling temperature/0 min; and (N) boiling temperature/45 min.

In its native form (Figure 3A), waxy starch exhibits irregular round and polygonal
granules with sizes around 20 μm, which is consistent with the morphology of waxy maize
starch granules reported previously [42]. Pores are also visible in some granules, which
may be more susceptible to enzymatic attack. This susceptibility is related to the resistant
content in their natural state. After the thermal treatment at 80 ◦C and 0 min (Figure 3B), the
starch granules are deformed, and this deformation was also seen in the other treatments
at 85 ◦C and boiling temperature, the gelatinization temperature is around 70 ◦C.

However, it should be mentioned that a longer time is required for the complete
gelatinization of the starch. Therefore, gel and some coated granules can be seen in the
treatments with 45 min of constant stirring (Figure 3C). This coating may be related to the
surface layer or oleic acid coating of the starch granule, which could indicate the interaction
of the main components of starch, in this case, amylopectin interacting with oleic acid on
the surface of the granule (Figure 3D,E).

No whole grains were observed in the treatment at boiling temperature, due to the
gelatinization of the starch by the thermal treatment, which leads to gel formation in which
oleic acid molecules can immerse (Figure 3F). In this sense, the obtained images show
a physical interaction between the starch component and the oleic acid. These results
are consistent with the CI results (Figure 2), which showed a time-dependent increase,
suggesting a homogeneous complex formation after a longer stirring time, in this case up
to 45 min.

In addition, Figure 3 shows the waxy starch and ALC complex after the enzymatic
attack and the possible fraction that can reach the colon. The untreated waxy starch was
used as a control to study the effects of the amylopectin–oleic acid complexes (Figure 3H)
on the morphology of the starch during enzymatic digestion. The micrographs reveal
visible damage caused by the α-amylase and glucosidase enzymes in the waxy starch. The
micrographs show clear pore formation in the granules indicating the enzymatic attack.
However, despite this some lamellae structures that make up the starch granules and some
starch granules remain.

When treated at 80 ◦C with stirring for 0 min (Figure 3I), the enzymatic damage is
evident from the presence of pores on the surface of the granules and the lamellae as
evidence of enzymatic attack, but when the stirring time is extended to 45 min (Figure 3J),
the enzymatic damage becomes visible by the presence of large pores on the granule and the
smooth surfaces, but the starch retains its structure, indicating resistance to enzymatic attack
and associated with the coat seen in the same treatment before digestion. Nevertheless, it
can be said that the damage is not severe and may be associated with partial gelatinization
or protection from interaction with oleic acid.

In the treatment at 85 ◦C with 0 min of stirring (Figure 3K), after digestion, there
is no presence of starch granules, and the remaining part has no pores, which can be
associated with the gelatinization of the starch granules and consequently the formation of
type 3 resistant starch; moreover, amylopectin–oleic acid complexes are also formed during
the treatment. However, as can be seen above, when the stirring time was increased (85 ◦C
for 45 min stirring), only some surfaces of the starch granules showed pores, and these
micrographs demonstrate the resistance to enzymatic attack.

Finally, the micrographs of the treatments at boiling temperature and 0 min of stirring
after the enzymatic attack show smooth surfaces and no whole granules. These micrographs
demonstrate the resistance to the enzymatic attack, and the resistance can be related to
the resistant starch type 5 through the amylopectin–oleic acid interaction. Above all,
the treatment at 45 min of stirring shows a smooth surface without enzymatic damage,
indicating the formation of RS, but a minimal part of the surface of the starch granules
is damaged with pores, indicating that it is a starch resistant to enzymatic attack, but
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this treatment shows a greater resistance to enzymatic attack and this resistance may be
associated with the presence of an amylopectin–oleic acid complex.

It is important to note that the amylopectin–oleic acid interactions were verified
by DSC results, which showed that endotherms are associated with the presence of
amylopectin–oleic acid complexes. The treatments conducted at 85 ◦C and boiling tempera-
ture with 45 min stirring had higher enthalpy than the other treatments and showed type I
and II endotherms, indicating the most stable starch–lipid interactions. The results suggest
that the formation of the amylopectin–oleic acid interaction induces enzymatic resistance.

These results show that the interaction between lipids and the major components of
starch can be achieved by starch with high amylopectin content, representing a fast, simple,
and inexpensive alternative to obtain these complexes. Consequently, amylopectin–lipid
complexes obtained from waxy starch can be used to formulate a new ingredient for the
food industry while maintaining the health benefits of resistant starch.

3.3. TEM Analysis

Interpreting X-ray diffraction patterns for both modified and unmodified starches
remains challenging, as it is not fully understood which components—such as fats, proteins,
or crystalline structures—are affected by complexation. Starch functions as a composite
material containing a range of components, with crystalline structures varying by source:
cereals typically exhibit an orthorhombic crystal structure (type A), while tubers generally
present a hexagonal one (type B). Each component, from fats to proteins to structural
arrangements, contributes uniquely to the diffraction pattern [34]. Given these complexities,
TEM analysis, which allows localized measurements within the starch granule, could offer
critical insights by identifying which components and structures are specifically present and
in what form. This capability could be key to clarifying how each constituent contributes
to the overall structural and functional properties of the starch. Figure 4 shows the TEM
images of isolated nanocrystals of native maize starch with high amylopectin content
(waxy), showing isolated nanocrystals (100 nm scale). These structures consist of highly
crystalline, elongated regions with an average crystallite size of 30 ± 6 nm in length,
10 ± 1 nm in width, and a notably thin profile (2–4 nm). Figure 4B shows a selected area
with isolated, highly ordered nanocrystals around 10 nm in size. This specific area was
used to determine the interplanar distance.

Figure 4. (A) Isolated nanocrystals, (B) red squares represent characteristic sections of the isolated
nanocrystals, and (C) the representation of these sections in FT space and (D) the representation in
inverse FT space.

Figure 4C shows the investigated region in the nanocrystals where the FFT (Fast
Fourier Transform) was applied using Digital Micrograph Software 3.5 to convert a signal
in the spatial domain into its frequency domain representation. This can reveal information
about the crystal structure of the sample, such as the orientation and the interplanar
distance of the crystal. Figure 4D shows the results of applying a mask to the FFT. This
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makes it possible to focus on specific areas of an image, reduce noise, and obtain more
meaningful and precise results that can be used to study crystal structures and features in
detail according to the method proposed by Rojas-Molina et al. [35].

Figure 4D displays an interplanar distance of 0.313 nm along the <231> direction,
confirming that maize starch with high amylopectin content (waxy) consists of nanocrystals
with an orthorhombic structure. Comparing the distances obtained through TEM analysis
with those reported by Rodriguez-Garcia et al. [36] for the orthorhombic crystal structure
further supports this conclusion. These results confirm that the nanocrystals in this starch
possess an orthorhombic structure, highlighting the importance of determining whether
the starch modification proposed in this work influences this crystal arrangement.

3.4. Structural Analysis

Figure 5 shows the X-ray diffraction patterns of the analyzed samples. In Figure 5A–C,
the black line corresponds to the pattern obtained for untreated waxy starch, whereas the
red and green lines correspond to the thermal treatments at different stirring times. In
Figure 5D–F, the black lines correspond to the waxy starch after digestion without prior
treatment, and the red and green lines correspond to the treated samples after digestion.
The dashed lines indicate the positions of the indexed diffraction peaks for the starch. The
diffraction pattern of untreated waxy starch matches the type A starch diffraction pattern,
which corresponds to an orthorhombic crystal structure, as reported by Rodriguez-Garcia
et al. [36]. The waxy starch diffraction pattern exhibits broad peaks and continuous halo,
suggesting an amorphous phase; however, peak broadening may also result from crystallite
size effects [43]. In this context, TEM analysis (Figure 4A) reveals that waxy starch contains
highly ordered nanometer-scale structures (nanocrystals). These nanocrystals have not
been previously reported or considered, and thus their role in forming complexes with
amylose/amylopectin and lipids has not been accounted for.

Figure 5. X-ray diffraction patterns for complexes formed with waxy starch and oleic acid at (A) 80 ◦C,
(B) 85 ◦C, and (C) boiling temperature at different stirring times. Figure (D–F) show ALC treatments
after digestion (RS fraction) at 80 ◦C, 85 ◦C, and boiling temperature, respectively, at different
stirring times.
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At 0 min of stirring, the diffraction pattern retains features typical of type A starch,
though with noticeably reduced intensity. As treatment temperature rises, prominent
peaks associated with the (031) and (211) planes begin to broaden and overlap, suggesting
partial disruption of the crystalline arrangement. This broadening indicates the onset
of gelatinization (shown by the green lines in Figure 5A–C), where structural integrity
starts to break down. However, the presence of distinct peaks reveals that a portion of
the crystalline structure persists, likely due to insufficient hydrolysis to fully dissolve the
ordered regions [44]. This retained crystallinity may influence subsequent interactions
in complex formation with amylose and amylopectin. At the prolonged stirring times of
45 min, the diffraction pattern reveals a predominantly amorphous structure, characterized
by an increased amorphous halo and a lack of distinct peaks. This effect is evident for all
three treatment temperatures—80 ◦C, 85 ◦C, and boiling—as illustrated by the red lines
in Figure 5A–C. The marked reduction in relative intensities indicates a significant loss of
crystallinity. The combination of heat treatment and mechanical agitation disrupts starch
crystallinity, leading to an increased degree of gelatinization. The diffraction patterns
demonstrate that under these conditions, much of the original ordered structure breaks
down, resulting in an amorphous matrix that lacks the defined peaks associated with a
crystalline phase.

As previously mentioned, amylose and amylopectin can interact with lipids to form
complexes that exhibit a characteristic V-type diffraction pattern. In this context, Sun
et al. [41] investigated the effects of chain length and degree of unsaturation of the fatty
acid on the structure, physicochemical properties, and in vitro digestibility of maize starch
complexes. They found that these complexes produced a diffraction pattern with peaks
at 7.5◦, 13.5◦, and 20.5◦ on the 2θ scale. Additionally, Marinopoulou et al. [30] identified
crystalline complexes that exhibited characteristic peaks at 13.2◦ and 19.8◦, indicating
a V-type crystalline structure associated with the complexed amylose. Their findings
highlight the presence of these peaks in the X-ray diffraction patterns of Hylon VII–fatty
acid complexes, further reinforcing the notion of a distinct crystalline arrangement in these
starch–lipid interactions [30]. However, the diffraction patterns reported by Marinopoulou
et al. [30] correspond to partially gelatinized starch. This makes it challenging to distinguish
between the peaks generated by the partially gelatinized starch and those produced by
the formed complexes, particularly in samples treated at lower temperatures. Moreover,
none of the authors indexed the V-type diffraction patterns, indicating that there are no
associated crystallographic planes or Miller indices to explain the characteristic peaks
observed in the diffraction pattern.

The diffraction patterns for treatments conducted at 80 ◦C and 85 ◦C, with stirring for
45 min, as well as for boiling temperatures across both stirring times, revealed a peak at
19.9◦ (Figure 5A–C). Although the peaks at 7.5◦ and 13.5◦ are not distinctly visible, this
may be attributed to their overlap with the amorphous phase of the partially gelatinized
starch. Given that the peak at 20.5◦ is associated with the V-type structure [2,30,45], the
diffraction patterns for these treatments may suggest the formation of amylopectin–lipid
complexes.

However, it is important to note that the previously mentioned crystalline structure
has not been reported, nor has the V-type diffraction pattern been indexed. This suggests
that the crystalline structure of the amylose–lipid complex does not form. In fact, the V-type
structure was first proposed by Katz [46] to describe gelatinized starch, specifically amylose
in a simple helical arrangement. Although the V-type pattern does not correspond to a new
crystalline structure, the presence of peaks at 12◦ and 20◦ on the 2θ scale indicates that a
short-range rearrangement occurs during the starch–lipid complexation. Therefore, the true
structure of starch–lipid complexes remains an open question. Nevertheless, the results
from the diffraction patterns in this study indicate that waxy starch requires a higher tem-
perature (above 85 ◦C) and a longer stirring time to induce interaction between amylopectin
and fatty acids, thereby facilitating the formation of amylopectin–lipid complexes.
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Additionally, this study demonstrates that gelatinization causes amylose and amy-
lopectin molecules to leach out, resulting in partially solvated nanocrystals with an or-
thorhombic structure. This process leads to an irreversible transition from ordered to
disordered structures [33,34]. However, despite this transition, some crystal structures re-
main intact. It is important to note that even after boiling and stirring for 45 min, the starch
is only partially gelatinized, as indicated in Figures 3N and 5C. The partial gelatinization
of starch during thermal treatment has also been reported by Rojas-Molina et al. [35]. This
suggests that complex formation occurs only with gelatinized starch, particularly with
those chains that have a wider molecular weight [37].

On the other hand, the diffraction patterns of the digested starch fractions indicate a
conversion to a continuous amorphous halo for native waxy starch and samples treated
with 0 min of stirring. According to Nieves-Hernández et al. [47], enzymatic activity does
not cause significant alterations in starch crystallinity. Therefore, the changes observed
in the diffraction patterns of waxy starch may be attributed to the method used to quan-
tify resistant starch (RS), which involves thermal and chemical reactions. Additionally,
gelatinization leads to the leaching of amylose and amylopectin and the partial solvation
of nanocrystals [34]. As a result, samples that underwent no stirring treatment at low
temperatures (80◦ and 85 ◦C) are more likely to exhibit this amorphous halo, reflecting a
loss of atomic ordering in the system due to prior partial gelatinization.

However, the crystalline structure persists in all samples treated with 45 min of stirring,
even after digestion. The diffraction patterns for these samples (Figure 5D–F) reveal strong,
well-defined peaks at 15.08◦, 17.12◦, 17.86◦, and 22.94◦ on the 2θ scale. These peaks corre-
spond to an orthorhombic crystalline structure as reported by Rodriguez-Garcia et al. [36].
This phenomenon may be attributed to the formation of amylopectin–lipid complexes.
After gelatinization, the formation of these complexes competes with the reorganization
of starch molecules. Consequently, an inclusion complex can arise from the interaction of
amylose or amylopectin with surrounding elements such as other starch molecules or fatty
acids [48]. The presence of well-defined diffraction patterns in these treatments suggests
that a network composed of gelatinized starch and amylopectin–lipid complexes forms
around the partially gelatinized starch, effectively protecting the nanocrystals from enzy-
matic activity and thermal treatment. According to this theory, it is the amylopectin–oleic
acid complex and the highly compacted crystal structures (nanocrystals of pyroglucans)
that reach the large intestine as the resistant fraction. Furthermore, these nanocrystals are
part of RS2, as suggested by Rojas-Molina et al. [35].

However, additional studies are necessary to validate this theory. Then, based on SEM
measurements and diffraction pattern data, the proposed kinetic model for amylopectin–
lipid complex formation is shown in Figure 6. Initially, partial gelatinization of the starch
occurs. Following this, the fatty acid is added, and with mechanical stirring, the fatty acid
chain interacts with the gelatinized starch fraction. The fatty acid can then position itself
either on the outer or inner regions of the amylopectin chain, forming the complex. Thus,
the resistant starch fraction formed by partially gelatinized starch consists of a combination
of pyroglucan nanocrystals and amylopectin–oleic acid complexes.

Figure 6. Proposed kinetic model for the formation of the amylopectin–lipid complex.
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3.5. Thermal Properties

Depending on their structural arrangement, two types of starch–lipid interactions are
considered: type I and II. Since each of these interactions have been described as a function
of their endothermic transition with respect to the corresponding amylose–lipid interaction,
these complexes can be studied by DSC, and therefore classified as type I at 90–110 ◦C (en-
dotherm 1) and type II at 110–130 ◦C (endotherm 2) [9]. Figure 7 shows the thermal profiles
of waxy starch, and the complex formed after thermal treatment at different stirring times.
DSC analysis was used to determine the interactions between the amylopectin molecule
and the oleic acid, and the following endotherms were found: E1: Starch gelatinization
temperature due in part to solvation of the orthorhombic nanocrystals [9]; E2: Amylopectin–
oleic acid complex type I; and E3: Amylopectin–oleic acid complex type II and thermal
oxidation of oleic acid [49,50].

Figure 7. Thermograms of amylopectin–lipid complexes at different temperatures (A) 80 ◦C, (B) 85 ◦C,
and (C) boiling temperature, with 0 and 45 min of stirring. * ALC—Amylopectin–lipid complex.

The formation of amylopectin–oleic acid complexes depends on the method used and
the set temperature. However, the necessary conditions for this complex formation still
need to be clarified [51]. Waxy starch without treatment has a gelatinization temperature
from 58.6 to 76.3 ◦C with an enthalpy of 7.13 J/g. This transition corresponds to the
gelatinization of waxy starch (E1). The shift in gelatinization transition (69.53 to 81.1 ◦C)
was observed when the treatment was carried out at 80 ◦C and stirred for 0 min. However,
the enthalpy decreased (7.14 to 1.13 J/g), indicating that partial gelatinization of the starch
occurred, resulting in the release of amylopectin. The treatments at 85 ◦C and 0 min stirring
time showed the presence of a second endotherm (E2), ranging from 106.26 to 108.72 ◦C,
and the treatment at boiling temperature with 0 min stirring time showed three endotherms:
E1 (68 to 76 ◦C, ΔH: 0.54 J/g), E2, and E3.

The presence of E1 in the treatments indicates the presence of residual non-gelatinized
starch. While the presence of E2 corresponds to the formation of type I amylopectin–oleic
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acid complexes. However, the left shift of this endotherm indicates the presence of type
II amylopectin–oleic acid complexes. In addition, endotherm 3 (E3) could indicate the
thermal oxidation of oleic acid. The formation of type I complexes could be related to
temperature, as heat treatments above the gelatinization temperature and constant stirring
can promote solvation of the nanocrystals and leaching of the amylopectin chains [33,34],
allowing the helices in the amylopectin branches to interact with the oleic acid.

On the other hand, the stirring time can promote the debranching/hydrolysis of
amylopectin, releasing smaller molecules (dextrin) that can interact more efficiently with
oleic acid [9,52] and consequently, form complexes with greater thermal stability, as shown
by the treatments with longer stirring time and higher temperature.

The treatment at boiling temperature and 45 min of stirring showed the formation
of type II amylopectin–oleic acid complexes with the highest enthalpy (13.02 J/g). These
results demonstrate the existence of type II amylopectin–oleic acid complexes and show
the thermal stability of the interaction. The endothermic E2 transition was observed at
80 and 85 ◦C and 0 min of stirring, while the 100–122 ◦C transition at the 85 ◦C treatment
with 45 min of stirring was undefined and can be explained by a mixture of type I and
II complexes. A third transition (E3) can be seen in the thermograms. This transition is
undefined and is observed at 110 and 130 ◦C. On the other hand, the thermal oxidation
reactions of free oleic acid involve the cleavage of the C=C double bond on carbon 9 of
the aliphatic chain at 120–140 ◦C. Therefore, this transition can be associated with the
presence of an amylopectin–lipid complex, the possible thermal oxidation of oleic acid (E3)
and, at the same time, a dissociation of oleic acid-amylopectin complexes in the range of
100–122 ◦C [49,50].

The results obtained for the thermal properties show that the formation of amylopectin–
oleic acid complexes increases at temperatures above 80 ◦C, and that the interaction time
influences the stability of the complex formed. This behavior is related to the CI results,
which show that the strongest interaction occurs at 85 ◦C and at the boiling temperature,
both at 45 min of stirring. Furthermore, the thermal properties confirmed the interaction
between amylopectin and oleic acid and emphasized the higher stability of the complexes
at boiling temperature and 45 min of stirring than in the other treatments used in this study.

3.6. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 8A–C shows the infrared spectra of oleic acid, untreated waxy starch, and
the amylopectin–lipid complexes formed from waxy corn starch at 80, 85 ◦C, and boiling
temperature at 0 and 45 min of stirring. Figure 8A displays the infrared spectrum of oleic
acid and untreated waxy starch. These spectra correspond to the characteristic fingerprints
of these materials. The spectra of the treated samples exhibit the characteristic bands
associated with untreated starch. However, several new bands appear at 2970, 2888, 1464,
1379, and 1251 cm−1. These additional bands may indicate modifications in the molecular
structure of the starch, suggesting potential interactions or chemical changes resulting
from the treatment process. The bands at 2970 cm−1 (a) and 2888 cm−1 (b) correspond
to the stretching of C–H bonds in the methyl (–CH3) and methylene (–CH2) groups of
oleic acid [2,26,53]. It is important to note that these bands appear shifted to higher
wavenumbers compared to the typical position of oleic acid, suggesting that there is an
interaction between the polymeric matrix and the fatty acid chains via these functional
groups. This implies that it is not a simple mixture but rather an interaction-driven
complex formation. Similarly, the 1464 cm−1 (c) band, related to C–H bending vibrations
in methylene groups, and the 1379 cm1 (d) band, associated with CH3 bending, appear
shifted to lower wavenumbers and increase in intensity with higher thermal treatment and
stirring time. This further supports the hypothesis of a chemical interaction and confirms
the formation of a complex between the starch and fatty acid. The 1240 cm−1 (e) band, tied
to C–O stretching, indicates potential hydrogen bonding or esterification between hydroxyl
groups in starch and oleic acid, enhancing structural stability [6,52]. Finally, the intense
band at 1710 cm−1, characteristic of oleic acid, was almost absent in the spectrum of the
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treated samples. This absence is likely due to the washing step applied to treated samples
to remove any free oleic acid residue from the mixture. Therefore, studies reporting this
band as an indicator of complexation may, in fact, be detecting residual free oleic acid in
the system. In this context, the lack of intensity in this band serves as further evidence of
complex formation [54], a phenomenon similarly observed in other complex systems, such
as oleic acid with nanoparticles and chitosan, where the normal mode also disappears [55].

Figure 8. FTIR-ATR spectra for complexes formed from oleic acid and waxy starch at different
temperatures (A) 80 ◦C, (B) 85 ◦C, and (C) boiling temperature. Different letters (a, b, c, d, and e)
correspond to the main bands associated with amylopectin–lipid complexes formation.
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Furthermore, as the temperature and stirring time increase, the intensity of these
bands also rises, suggesting a greater degree of complexation. Thus, it can be said
that the formation of complexes is favored by longer stirring times at 85 ◦C and at
boiling temperature.

3.7. Rapidly Digested Starch, Slowly Digested Starch, and Resistant Starch Quantification

Table 1 shows the percentage of rapidly digestible starch (RDS), slowly digestible
starch (SDS), and resistant starch (RS) formed from the amylopectin–lipid complexes and
the waxy starch. The quantification of the different digestible starch fractions shows
significant differences in the RDS content between the treatments at 80 and 85 ◦C and the
treatments at boiling temperature and at different stirring times (0 and 45 min). The highest
content of rapidly digestible starch (90.07 ± 1.1%) was observed in the treatment with
0 min of stirring. However, no differences (p > 0.05) in SDS content were observed between
the treatments.

Table 1. Content of rapidly digested starch (RDS), slowly digested starch (SDS), and resistant
starch (RS) in the different treatments for the formation of amylopectin–lipid complexes with waxy
corn starch.

Treatment
RDS
(%)

SDS
(%)

RS
(%)Temperature

(◦C)
Time
(min)

Native 61.50 ± 0.51 3.51 ± 0.22 20.83 ± 0.3

80
0 90.07 ± 1.10 a 2.31 ± 1.63 d 6.4 ± 0.74 d

45 35.81 ± 0.10 d 31.87 ± 1.22 a 27.74 ± 0.23 b

85
0 79.98 ± 2.70 b 6.89 ± 0.18 d 12.63 ± 0.39 c

45 44.26 ± 3.20 c 21.24 ± 0.51 c 26.61 ± 0.45 b

Boiling
0 50.39 ± 2.1 c 32.90 ± 0.31 a 11.05 ± 1.90 c

45 24.56 ± 1.2 e 25.61 ± 1.30 b 49.33 ± 1.61 a

The mean ± standard deviation of two replicates is shown. Different letters in the same column are statistically
different (p < 0.05).

The increase in RS content was related to the increase in treatment temperature and
stirring time. However, no significant differences were found between the treatments at
80 and 85 ◦C and 45 min stirring time (27.74 ± 0.23 and 26.61 ± 0.45%, respectively). On the
other hand, the treatment at boiling temperature and 45 min of stirring time was statistically
different from the other treatments as it had the highest amount of RS (49.33 ± 1.61%).

The RS values at 80 ◦C and 0 min of stirring were lower than the other treatments
because gelatinization of waxy starch occurs in the range of 68 to 75 ◦C. Therefore, the
treatment at 80 ◦C resulted in the gelatinization of starch, while the stirring time of 0 min
does not show an effect on the formation of RS. Although an amylopectin–oleic acid
interaction was observed in the CI and DSC results, this interaction between amylopectin
and oleic acid may help to resist the digestion process of starch because the amylopectin–
oleic acid complex restricts the access of enzymes so that the complexes are resistant to
digestion [56,57].

Meanwhile, the effect of temperature on RS content was not significant in the
80 and 85 ◦C treatments, but a significant difference was observed in the boiling tempera-
ture treatments. Interestingly, the samples that were stirred for 45 min were significantly
different from the samples that were stirred for 0 min, suggesting that stirring time has a
greater effect on RS formation than temperature.

It has previously been shown that waxy starch has a low ability to interact with fatty
acids due to the length of its branches. These branches represent a steric hindrance to
interaction with fatty acid chains [58]. However, the results of this study suggest that
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the effect of temperature on RS content is due to thermally mediated gelatinization of the
starch, which leads to leaching of the amylopectin chains (which are fragmented with
constant stirring to form further complexes with the oleic acid). In this sense, the formation
of amylopectin–oleic acid complexes is reflected in the DSC results (Figure 7), especially in
the endotherms observed for the type I and type II complexes. Remarkably, the treatment
at boiling temperature and a stirring time of 45 min showed an enthalpy of 13.02 J/g in the
DSC results, indicating that it is a stable complex. In agreement with the RS results, the
treatment at boiling temperature and 45 min of stirring time showed the highest resistance
to digestion among all treatments. The observed effect may be related to the fact that
type I amylopectin–oleic acid–lipid complexes can dissociate after boiling, suggesting
that the resistance to digestion in boiling temperature treatments may originate from
type II amylopectin–oleic acid complexes [56,57]. Finally, waxy starch showed a 1.3-fold
increase in RS at boiling temperature and 45 min stirring time compared to untreated starch,
confirming an increasing formation of amylopectin–oleic acid complexes.

Therefore, CI is associated with interaction time and increase in RS (r = 0.86, p < 0.05),
in contrast, RDS is negatively associated with stirring time (r = −0.82, p < 0.05). The increase
in RS is associated with CI (r = 0.85, p < 0.05), indicating the formation of an interaction
between amylopectin and oleic acid. From the above results, it can be concluded that at a
controlled temperature and constant stirring time, the formation of amylopectin–oleic acid
complexes is possible, and these complexes lead to an increase in RS5.

4. Conclusions

Waxy starch, which is high in amylopectin, can form complexes with oleic acid ei-
ther through self-assembly or by positioning itself along the outer regions of the amy-
lopectin chain. This occurs under controlled stirring times and at temperatures above
85 ◦C. The structural characteristics of these complexes were identified by the formation
of V-type diffraction patterns. For native waxy starch, both X-ray XRD and TEM revealed
an orthorhombic crystalline structure, which experiences partial degradation during the
gelatinization process.

The formation of the amylopectin–oleic acid complex occurs as soon as the starch
gelatinizes, because during gelatinization, the starch granules swell and break up, releasing
amylopectin molecules. Simultaneously, the constant stirring plays a decisive role in
the modification of the amylopectin chains. This hydrolysis can be induced by constant
mechanical agitation.

X-ray diffraction patterns and TEM images revealed the presence of nanocrystals with
orthorhombic crystal structure in waxy starch, which form part of RS5 for partially gela-
tinized starch. According to the XRD analysis of the resistant fraction of ALC, the presence
of well-defined diffraction patterns after digestion suggests that for partially gelatinized
starch, a network composed of gelatinized starch and amylopectin–lipid complexes protects
the nanocrystals from enzymatic activity and thermal treatment. Thus, the total resistant
fraction is the sum of the pyroglucan nanocrystals (RS2) and the amylopectin–oleic acid
complex, as well as some whole grains that resist all treatments. Finally, these results have
shown that the formation of starch–lipid complexes can be achieved with starch with high
amylopectin content and represents a fast, simple alternative.
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Appendix A

Table A1. Results of Tukey’s multiple comparisons test, showing the mean differences, 95% con-
fidence intervals, and adjusted p-values for the comparisons between temperature treatments
(80 ◦C, 85 ◦C, and boiling). Statistically significant differences are indicated by asterisks, with
**** representing p < 0.0001 and ** representing p < 0.01.

Tukey’s Multiple
Comparisons Test

Mean Diff. 95.00% CI of Diff. Adjusted p-Value

85 ◦C vs. 80 ◦C 3.978 2.475 to 5.481 **** <0.0001

Boiling vs. 80 ◦C 5.963 4.460 to 7.466 **** <0.0001

Boiling vs. 85 ◦C 1.985 0.4820 to 3.488 ** 0.0073
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Abstract: Sustainable nutrition and food production involve dietary habits and farming systems
which are eco-friendly, created to provide highly nutritious staple crops which could serve as a
functional food at the same time. This research sought to provide a comprehensive analysis of
whole-grain cereals, and some ancient grains toward important macro- (protein), micro-nutrients
(mineral elements), and bioactive compounds, such as dietary fiber (arabinoxylan and β-glucan)
and antioxidants (phytic acid, total glutathione, yellow pigment, and phenolic compounds) to
provide functionality in a sustainable diet. Genotypes, such as durum wheat, triticale, spelt, emmer
wheat, and barley, could be considered important and sustainable sources of protein (ranging 11.10–
15.00%), as well as prebiotic fiber (β-glucan and arabinoxylan, ranging 0.11–4.59% and 0.51–6.47%,
respectively), essential elements, and various antioxidants. Ancient grains can be considered as
a source of highly available essential elements. Special attention should be given to the Cimmyt
spelt 1, which is high in yellow pigment (5.01 μg·g−1) and has a capacity to reduce DPPH radicals
(186.2 μmol TE·g−1), particularly Zn (70.25 mg·kg−1). The presence of phenolics, dihydro-p-coumaric
acid, naringin, quercetin, epicatechin in grains of oats (Sopot), as well as catechin in barley grains
(Apolon and Osvit) underline their unique chemical profile, making them a desirable genetic pool
for breeding genotypes. This research provides a comprehensive assessment of different nutritional
aspects of various cereals (some of which are commonly used, while the others are rarely used in
diet), indicating their importance as nutraceuticals. It also provides a genetic background that could
be translated the genotypes with even more profound effects on human health.

Keywords: cereals; mineral elements; antioxidants; phytic acid; phenolics; dietary fiber

1. Introduction

Sustainable nutrition and sustainable agriculture imply eco-friendly dietary habits
and farming systems, created to provide highly nutritious staple crops that will fulfill
requirements for essential macro- and micro-nutrients and could be used as functional
food at the same time. Modern genotypes, designed to have high yields, largely failed to
meet the nutritional demand of humans and animals [1], due to the poor soil quality and
climate changes. Thus, sustainable solutions are necessary. Irrespective of the increasing
market demand and research on functional products, which are not only able to meet basic
requirements, but also have a whole range of health benefits [2–4], crop diversity and gene
pool diversity are able to provide reliable solutions for producing nutrient–dense food [5,6].

According to the FAO Statistical Yearbook [7], cereals are the leading crops produced
worldwide (with 3.1 billion tons produced in 2022), whereas the production level of wheat
increased to38% in 2022 (compared to 808 million tons in 2000) and barley production
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reached 155 million tons. Whole-grain cereals provide many important nutrients which
may reduce the risk of developing various chronic diseases and age-related conditions, like
obesity, cardiovascular diseases, metabolic syndrome, type II diabetes, and cancer [8–10].
From this standpoint, much more attention is being drawn to ancient wheat genotypes,
such as spelt, emmer wheat, and khorasan wheat, which are relatively high in protein
compared to modern wheat genotypes [9–12]. Regardless of the lower yields (compared to
the modern wheat genotypes), their sustainability is one of the most important qualities, as
they are highly adaptable to various environments, particularly to low-input and organic
agriculture, growing on marginal soils and in dry conditions. Accordingly, old genotypes
and cereals with colored grains are also able to better exploit environmental conditions and
accumulate greater amounts of phytonutrients in grains [13–15].

To target the nutraceutical properties of cereals, it is important to identify health
promoting traits, on the one hand, and antinutrients, such as phytic acid, on the other
hand. Phytic acid can bind mineral elements, protein, and starch, compromising their
bio-availability, so the ratio between phytic acid and mineral elements is the simplest and
best measure of potential bioavailability [16,17]. However, phytic acid also exerts dietary
benefits through antioxidant activity, thereby preventing lipid peroxidation [18], reducing
the risk of certain cancers, cardio-vascular diseases, renal stones, etc. Its concentration in
grains depends mostly on genotype, as well as on its interaction with the environment
and growing conditions [14,15,19]. Lowering the concentration of phytic acid and simul-
taneously increasing the concentration of essential elements, such as Ca, Mg, Fe, Zn, and
Mn, in grains of staple crops are goals of the bio-fortification strategy, aimed to combat
malnutrition globally [20]. Various approaches, such as transgenic, conventional breeding,
and agronomical approaches, are used to achieve this goal, increasing the concentration of
targeted minerals and vitamins in edible parts of plants. The main focus of bio-fortification
is on staple crops like rice, wheat, maize, sorghum, lupin, common bean, potato, sweet
potato, and tomato. The exploitation of various fertilizers and substances that promote the
absorption and accumulation of essential elements in crops, including the selection and
development of desirable genotypes that can accumulate high levels of mineral nutrients
are important parts of the strategy.

Sustainable plant-based protein sources are of particular importance today. While
legumes are considered a main plant protein source, cereals as staple crops are targeted to
elevate protein concentration in their grains too. Therefore, genetic tools should be applied
to provide a more sustainable protein supply from cereal grains [21]. Moreover, whole-
grain cereals are an important source of soluble and insoluble functional dietary fiber (e.g.,
cellulose, arabinoxylan, β-glucan, xyloglucan, and fructan), with sound health benefits,
including cardio-protective association [22–24]. Despite this, the general consumption of
dietary fiber from grains is considerably lower than the recommended levels worldwide.
The most prominent dietary fibers with health benefits, as well as those that play a prebiotic
role, are arabinoxylan and β-glucan [25,26]. For this reason, different breeding programs
have been developed that have included research into genetic pools and translated desirable
traits into improved cereal genotypes [2,27].

Bearing in mind the health-promoting bioactive compounds, whole-grain cereals
are a rich source of various antioxidants in the human diet [8] and can inhibit Maillard
reaction products [28]. Among cereals, ancient grains and modern genotypes with colored
grains are the richest sources of phenolic compounds [11,12,29]. Their concentration and
composition depend mainly on genotype and agroecological conditions. While ferulic and
p-coumaric acids are the most common phenolics present in cereal grains [10–12,29], many
others compounds, such as flavonoids, isoflavones, flavanones, and flavanols (catechin
and epicatechin), could also be found in the cereal grains. Phenolic compounds from cereal
grains also have a prebiotic role, supporting the development of beneficial microorganisms
in the human gut [30–32].

Thus far, according to the literature review, most of the research on the nutritional
quality of cereal grains is based on the examination of certain classes of compounds such
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as macronutrients, mineral elements, antioxidants, vitamins, etc. To our knowledge, this
study is the first report on the concentration of thirty-three simultaneously evaluated pa-
rameters in whole-grain cereals, including some ancient grains, such as spelt and emmer
wheat. Therefore, this study sought to evaluate the content of important macro- (pro-
tein) and micro-nutrients (mineral elements), as well as bioactive compounds, such as
dietary fiber (arabinoxylan and β-glucan) and antioxidants (phytic acid, total glutathione,
yellow pigment, and the specific profile of phenolic compounds) in various cereals. Fur-
thermore, to determine the possible unique nutritive fingerprint of tested whole-grain
cereals, principal component analysis was applied. This article provides extensive research
on modern genotypes and ancient grains about their nutraceuticals properties, also giv-
ing essential information for breeders on the development of genotypes with enhanced
grain composition.

2. Materials and Methods

2.1. Grain Material and Sample Preparation

Twenty genotypes of cereals (durum wheat, bread wheat, barley, emmer wheat, spelt
wheat, triticale, rye, and oats) from the Gene Bank of the Maize Research Institute “Zemun
Polje” (MRIZP), including some standard and ancient cereals, were chosen to evaluate their
chemical composition from anutritional viewpoint. Grains from all genotypes which were
harvested in 2022 are characterized in Supplementary Table S1.

The experiment was conducted at the experimental field of Maize Research Institute
“Zemun Polje”, Belgrade (44◦52′ N, 20◦19′ E, 81 m a.s.l.), Serbia, on a slightly calcareous
Chernozem. Texture is silt clay loam, containing the following: 51.0% sand, 31.0% silt,
18.0% clay, 3.5% organic matter, 7.0 pH KCl, and 7.5 pH H2O. Mineral composition re-
vealed 68.25 mg·kg−1 of available N, 65.00 mg·kg−1 of available P, 105.85 mg·kg−1 of K,
264.00 mg·kg−1 of Mg, 2854.25 mg·kg−1 of Ca, 10.28 mg·kg−1 of Fe, 111.50 mg·kg−1 of
Mn, 6.23 mg·kg−1 of Cu, and 3.46 mg·kg−1 of Zn in the 0-to-30 cm soil layer. The preced-
ing crop was maize (Zea mays L.). Accordingly to the soil analysis, fertilization included
incorporation of the 250 kg urea ha−1 in the spring of 2022.

Grain samples (approximately 0.5 kg) were dried in a ventilation oven at 60 ◦C (EU
instruments, EUGE425, Novo Mesto, Slovenia, EU) to obtain uniform moisture content
(12%) and then milled on Perten 120—Hägersten, Sweden (particle size < 500 μm).

2.2. Chemicals and Reagents

Gallic acid (GA), catechin (CAT), dihydrocaffeic acid (diCA), epicatechin (EPI), dihydro-
p-coumaric acid (di-p-CoumA), naringin (NA), daidzein (DA), cinnamic acid (CIN), narin-
genin (NG), chlorogenic acid (ChlA), caffeic acid (CA), p-coumaric acid (p-CoumA), fer-
ulic acid (FA), isoferulic acid (IFA), quercetin (QUE), as well as acetone, formic acid,
methanol, all HPLC-grade, were obtained from Sigma-Aldrich (Munich, Germany). From
the same supplier, Folin–Ciocalteu reagent, butanol, sodium acetate, sodium carbonate,
and trichloroacetic acid (TCA) were also purchased. TRIS (2-amino-2-hydroxymethyl-
propane-1,3-diol), DTNB (2,2′-dinitro-5,5′-dithiobenzoic acid), iron (III) chloride hexahy-
drate, DPPH• (2,2-diphenyl-1-picrylhydrazyl), 5′-sulfosalicylic acid, TROLOX (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid), and TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine)
were purchased from Merck (Darmstadt, Germany). Ammoniumheptamolybdate tetrahy-
drate, ammonium metavanadate hydrochloric acid, and nitric acid were purified. Ultrapure
water, with a conductivity of 0.055 μS/cm (TKA, Niederelbert, Germany), was used to
prepare the appropriate standard solutions and samples, while Target2® syringe filters
(PTF membrane, 0.45 μm, diameterof17 mm) were used to filter the extracts. Enzymatic
assay kits K-XYLOSE and K-BGLU were purchased from Megazyme (Bray, Ireland).

2.3. Determination of Protein Content

The protein content from whole grains was determined using an infrared analyzer
(Infraneo, Chopin Technologies, Villeneuve-la-Garenne Cedex, France). For the analysis, a
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sample of approximately 0.5 kg was passed through the sliding cell and the near-infrared
spectra range was 700 nm to 1100 nm using a high-resolution monochromator (0.1 nm).
The protein content was reported as the mean value of two replications and expressed in g
per 100 g (%) of the sample.

2.4. Determination of the Concentration of Phytic Phosphorus, Inorganic Phosphorus, and
Total Glutathione

Phytic acid (Pphy), inorganic phosphorus (Pi), and total glutathione (GSH) from the
analyzed samples (approximately 0.5 g) were extracted with the 5% TCA solution (10 mL)
using avertical shaker (30 min, at room temperature). After centrifugation (12,000 rpm for
15 min (Dynamica—Model Velocity 18R Versatile Centrifuge, Rotor TA15-24-2), at 4 ◦C, the
obtained clear supernatant was used for further analysis.

2.4.1. Determination of Phytic Acid and Inorganic Phosphorus

Pphy and Pi were determined using the method of Dragičević et al. [33]. For phytic
acid determination, the distilled water (1.25 mL) and Wade reagent containing the 0.3 g of
FeCl3 × 6H2O and 3 g of 5′-sulfosalicylic acid in one liter (0.5 mL) were added to previously
obtained supernatant (0.25 mL). After developing the pink color, absorbance was measured
using the spectrophotometer (Biochrom Libra S22 UV/Vis Spectrophotometer—Biochrom,
UK) at λ = 500 nm against a blank probe (containing 5% TCA). For Pi determination,
an aliquot of previously obtained supernatant (1 mL) was mixed with distilled water
(1 mL) and Pi reagent (0.5 mL). The Pi reagent consisted of 6% ammoniumheptamolybdate
(500 mL) and 0.25% ammonium metavanadate mixed with 4.74 M nitric acid (500 mL).
Absorbance was measured using a spectrophotometer at λ = 400 nm against a blank probe
(containing 5% TCA). The Pphy concentration and the Pi concentration were reported as
the mean values of three replications and expressed in mg per g of the DW sample.

2.4.2. Determination of Total Glutathione

To determine total glutathione (GSH) [34], an aliquot of previously obtained super-
natant (0.5 mL) was mixed with distilled water (0.5 mL) and reagent consisting of 0.1 M
TRIS (pH = 7) and 1.5 mM of DTNB (1 mL). After centrifugation, the absorbance of the
extract was measured at 412 nm against a blank probe (containing 5% TCA). The GSH
concentration was calculated based on the measured absorbance values of the samples
and the molar absorption coefficient of 1.36 × 104 dm3 mol−1 cm−1 at 412 nm. The GSH
concentration was reported as the mean value of three replications and expressed in nmol
per g of the DW sample.

2.5. Determination of Total Phosphorus

Total phosphorus (P) determination was achieved using the method ISO 13730 [35]
with some modifications. The analyzed samples were firstly subjected to dry incineration.
Then, after homogenization with nitric acid (4.81 M), followed by the heating in a boiling
water bath (30 min), the extracts were cooled and filtered. After adding the Pi reagent (used
for determining inorganic phosphorus) samples were left to stand for 15 min, and then the
absorbance was measured at 430 nm against a blank probe (containing nitric acid and Pi
reagent) using a spectrophotometer. The P concentration was reported as the mean value
of three replications and expressed in g·kg−1 of the DW samples.

2.6. Determination of Yellow Pigment

The concentration of yellow pigment (YP) was determined using the method of
Vančetović et al. [36]. After extracting approximately 2 g of flour with 10 mL of saturated 1-
butanol using a vertical shaker (30 min, at room temperature) and conducting centrifugation
at 10,000 rpm for 5 min, the absorbance was measured at λ = 436 nm. The β-carotene (βCE)
concentration was reported as the mean value of three replications and expressed in μg per
g of the DW samples.
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2.7. Identification and Determination of Total Phenolic Compounds and Antioxidant Activity

The total phenolic compounds (TPCs) were determined and the antioxidant activity
was obtained according to the procedure described by Singleton et al. [37]. Approximately
2 g of flour was extracted with 10 mL of 70% methanol (MeOH) using an ultrasound bath
(A-Sonic, frequency of 400 Hz) at 2 × 30 min and after centrifugation at 10,000 rpm (5 min),
a clear supernatant was used for the determination of both total phenolic concentration
(TPC) and antioxidant activity. An aliquot of 0.2 mL was mixed with 0.5 mL of distilled
water. Then, 0.25 mL of Folin–Ciocalteu reagent (2 M relative to the acid) and 1.25 mL of
Na2CO3 (20%) were added and the cuvettes were vigorously shaken and left in the dark
for 40 min. After that, the absorbance was measured at 722 nm against a blank probe
(containing MeOH). The concentration of the TPCs was reported as the mean value of four
replications and expressed in mg of gallic acid equivalents (GAEs) per g of the DW sample.

The total phenolic compounds (TPCs) were determined and the antioxidant activity
was obtained according to the procedure described by Singleton et al. [37]. Approximately
2 g of flour was extracted with 10 mL of 70% methanol (MeOH) using an ultrasound bath
(A-Sonic, frequency of 400 Hz) at 2 × 30 min and after centrifugation at 10,000 rpm (5 min),
a clear supernatant was used for the determination of both total phenolic concentration
(TPC) and antioxidant activity. An aliquot of 0.2 mL was mixed with 0.5 mL of distilled
water. Then, 0.25 mL of Folin–Ciocalteu reagent (2 M relative to the acid) and 1.25 mL of
Na2CO3 (20%) were added and the cuvettes were vigorously shaken and left in the dark
for 40 min. After that, the absorbance was measured at 722 nm against a blank probe
(containing MeOH). The concentration of the TPCs was reported as the mean value of four
replications and expressed in mg of gallic acid equivalents (GAEs) per g of the DW sample.

DPPH radical scavenging activity was performed using the method described by
Brand-Williams et al. and Wong et al. [38,39]. The obtained clear supernatant was diluted
1:100 in MeOH prior to the analysis and 200 μL of aliquots was mixed with 3.8 mL of DPPH•
reagent (0.1 mM). After incubation (30 min in dark, 25 ◦C), the absorbance was measured
at 517 nm against a blank probe (containing MeOH). The DPPH radical scavenging activity
was expressed in μmol of TROLOX equivalents (TEs) per g of the DW sample and was
reported as the mean value of four replications.

Antioxidant activity was also determined using the ferric-reducing antioxidant power
assay (FRAP) method [39,40]. The obtained clear supernatant (0.15 mL) was mixed with
4.5 mL of FRAP reagent (2.5 mL of 10 mM TPTZ was dissolved in 40 mM HCl and then
mixed with a 2.5 mL solution of 20 mM FeCl3 × 6 H2O in acetate buffer pH = 3.6). After
the incubation (30 min, 37 ◦C), absorbance was measured at 593 nm against a blank probe
(0.15 mL MeOH + 4.5 mL FRAP reagent). The antioxidant activity was expressed in μmol
Fe2+ per g of DW sample and it was reported as the mean value of four replications.

2.8. Determination of Arabinoxylan and β-Glucan

Arabinoxylan was determined by a spectrophotometric method using the enzymatic
assay kit K-xylose (Megazyme, Bray, Ireland). The assay was performed according to
the instruction manual of the kit producer. Generally, the conversion of α-D-xylose to
β-D-xylose is catalyzed by xylose mutarotase. The obtained β-D-xylose is then oxidized by
NAD+ to D-xylonic acid in the presence of β-xylose dehydrogenase (pH 7.5). The obtained
amount of NADH formed in this reaction is proportional to the D-xylose concentration and
it is measured by the increase in absorbance at 340 nm. The concentration of arabinoxylan
was calculated according to Formula (1):

Arabinoxylan = Concentration of D − xy lose (g/100 g)× 100
62

(g/100 g) (1)

β-glucan was quantified by a spectrophotometric method [41] using the enzymatic
assay kit K-BGLU (Megazyme, Bray, Ireland). The samples were suspended and hydrated
in a buffer solution (pH 6.5) and then incubated with purified lichenase enzyme and
filtered. Subsequently, an aliquot of the filtrate was hydrolyzed to completion with purified
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β-glucosidase. The D-glucose produced was assayed using a glucose oxidase/peroxidase
reagent and the absorbance was measured at 510 nm.

2.9. HPLC Analysis

The identification and quantification of phenolic compounds (gallic acid (GA), catechin
(CAT), dihydrocaffeic acid—(DiCA), epicatechin (EPI), dihydro-p-coumaric acid (di-p-
CoumA), naringin (NA), daidzein (DA), cinnamic acid (CIN), naringenin (NG), chlorogenic
acid (ChlA), caffeic acid (CA), p-coumaric acid (p-CoumA), ferulic acid (FA), isoferulic
acid (IFA), and quercetin (QUE)) were determined in flour using high-performance liquid
chromatography (HPLC system Shimadzu Nexera XR) equipped with column Zorbax
SB C18 (4.6 × 250 mm, pore diameter 5 μm). The mobile phase A was 0.1% HCOOH in
H2O, while the mobile phase B was 0.1% HCOOH in MeOH. The used linear gradient
was adopted [42], starting from 95% A to 70% A after 25 min, 60% A after 35 min, 52%
A after 40 min, 30% A after 50 min, 0% A after 55 min, 95% A after 65 min, and 95% A
after 75 min. The flow rate was 1 mL min−1, with 10 μL of the injected sample being used.
The column temperature was set at 25 ◦C and the wavelengths were 254 nm, 280 nm, and
325 nm. The LabSolutions Shimadzu program was used for instrument control, as well
as for data acquisition and analysis. Calibration curves were used for the quantitative
calculation of each phenolic compound. The concentration was reported as the mean value
of three replications and expressed in μg per g of the DW sample.

2.10. Mineral Element Analysis

The concentration of potassium (K), sodium (Na), magnesium (Mg), calcium (Ca),
copper (Cu), iron (Fe), manganese (Mn), selenium (Se), zinc (Zn), and nickel (Ni) in flour
of samples was determined by plasma inductively spectrometry coupled with optical
emission (ICP-OES) using a ICP 7400 Duo Thermo Scientific, UV/VIS 214–766 nm. Samples
were prepared after dry incineration, except for Se where the acid hydrolysis process was
applied, according to the procedure described by the Association of Official Analytical
Chemists [43]. Quantifying mineral composition was performed based on Multi–Element
Plasma Standard Solution 4 (Thermo Scientific, Berlin, Germany) and the results were
expressed ing·kg−1 of dry grain samples for K, as well as mg·kg−1 for Na, Mg, Ca, Cu, Fe,
Mn, Se, Zn, and Ni. The Se concentration was under the limit of the detection, while trace
amounts of Ni were only determined in three samples of oats, so they were not included in
the results.

2.11. Statistical Analysis

To assess the data on tested biochemical traits, one-factorial analysis of variance
(ANOVA) was applied using the SPSS for Windows Version 15.0 (SPSS, 2006). In order to
determine the differences between the samples, the Tukey HSD test was performed at a
0.95 confidence level (p ≤ 0.05). Moreover, MATLAB (R2011a) with PLS Toolbox software
package (v.6.2.1) was used for principal component analysis (PCA) and agglomerative
hierarchical cluster analysis (HCA). For these analyses, the obtained data were mean-
centered and auto-scaled, and the singular value decomposition (SVD) algorithm was
employed (at a 95% confidence level) for Hotelling T2 limits.

3. Results

3.1. The Concentration of Protein, Antioxidants, and Dietary Fiber in the Standard and
Ancient Grains

Examined genotypes expressed the significant variability in the concentration of the
following important nutrients: protein, Pi, Pphy, YP, TPCs, GSH, β-glucan, and arabinoxy-
lan (Table 1). Greater differences in protein concentration were between durum wheat
genotypes, where Dur1 had the greatest concentration (15%). The lowest concentration
was in spelt wheat (9.85%). Bar2 had the highest concentration of Pi, while Bar1 was the
highest in GSH and β-glucan, and Bar2 had the lowest Pi and highest β-glucan. Among
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all tested samples, the greatest concentration of Pphy and YP was noticed in spelt grain,
while the lowest Pphy value was found in Oats3 and the lowest concentration of YP was in
Trit1. Oat samples Oats2 and Oats1 showed a high TPC and arabinoxylan concentration,
respectively. Contrary, the lowest TPC concentration was found in BW1 and the lowest
arabinoxylan concentration was noticed in the sample of spelt.

3.2. Essential Elements and Their Ratios with Phytic Acid in the Standard and Ancient Grains

The significant differences among tested genotypes in the accumulation of essential
elements (P, K, Ca, Mg, Na, Fe, Mn, Zn, and Cu) (Table 2) could also be ascertained. Among
the tested essential elements, the greatest concentration of Cu was recorded in grains of
Em2, while the lowest value was found in the grains of Bar2. The spelt grain had the
highest concentration of P, K, Mg, Mn, and Zn. The lowest concentration of P was found in
BW1, while the lowest concentration of Mn and Zn was recorded in the Bar3 grain. The
lowest concentration of K, Mg, and Ca was noticed in the grain of Em2, whereas the highest
Ca concentration was found in the Oats1 grain. The highest concentration of Na and the
lowest Fe concentration were noticed intheTrit2 grain. Moreover, the lowest concentration
of Na was found in Oats2, and the highest Fe concentration was observed in the Rye1 grain.

According to the cluster analysis encompassing all examined elements, the following
clusters were present (Figure 1). The first consisted of only Oats2 and the second one was
Em2. The third comprised all other genotypes, consisting of two sub-clusters (the first one
consisted of Oats1 and Oats3, while the second one consisted of all the other genotypes).

Figure 1. Dendrogram presenting the concentration of mineral elements in standard and
ancient grains.

Among all tested genotypes, the lowest ratio between phytic acid and essential ele-
ments (Phy/Ca, Phy/Mg, Phy/Fe, and Phy/Mn) was in Oats3, while the lowest Phy/Zn
was in spelt (Supplementary Table S2). The greatest Phy/Ca and Phy/Mg values were in
Em2 grain; the highest Phy/Mn and Phy/Zn values were in Bar3, whereas the greatest
Phy/Fe value was in the Trit2 grain. According to cluster analysis (Figure 2), two clusters
were present, with spelt independent of other genotypes that formed three sub-clusters.
Regarding the first sub-cluster, samples of Dur1, Dur2, and Em2 formed the first subgroup;
the samples of Dur3, Bar3, Rye2, and Bar4 created the second subgroup; and the Em1,
Oats2, and Oats3 were grouped in the third subgroup. The second sub-cluster consisted of
BW1, BW2, Trit1, Trit2, Trit3, and Oats1, while the samples of Bar1 and Rye1 established
the third sub-cluster.
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Figure 2. Dendrogram presenting ratio of Phy and essential elements in standardgrains and
ancient grains.

3.3. Phenolic Acids and Antioxidant Status in the Standard and Ancient Grains

There was great variability in the concentration of certain phenolic compounds among
the tested genotypes, while some of them had concentrations under the limit of detection.
Oat grains were observed to have the highest concentration in the majority of examined
phenolic compounds (Table 3). According to the obtained results, Oats1 had the highest
concentration of EPI, NA, DA, and QE; Oats2 had the highest concentration of PA, CA, and
FA; andOats3 had the greatest concentration of p-CoumA. The highest concentration of
NG was found in Em2. The highest concentration of diCA, IFA, and CIN was observed in
samples Trit2, Trit3, and BW1, respectively. Barley genotypes were also relatively high in
phenolic compounds, where Bar2 had the greatest concentration of GA and CAT and Bar4
had the greatest concentration of ChlA.

When the antioxidant activity was considered, the greatest value of capacity to reduce
DPPH radical was noticed for durum wheat genotypes, particularly for Dur1, although the
greatest FRAP values were obtained in oat samples, especially in Oats2 (Table 4).

According to the cluster analysis, which encompassed all examined antioxidants,
including the capacity to reduce DPPH radicals, as well as FRAP, two clusters were formed
(Figure 3). The samples Trit1 and Oats3 constituted the first cluster among all tested
samples. The second cluster encompassed all other genotypes, which were divided into
two sub-clusters. The first one consisted of samples Dur1 and Dur2. Under the second sub-
cluster, two sub-sub-clusters were formed, encompassing Dur3, Em2, all barley genotypes,
both rye genotypes, as well as Oats1 and Oats2 in the first sub-sub-cluster. The second
sub-sub-cluster included both bread wheat genotypes Trit2, Trit3, spelt, and Em1.
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Table 4. DPPH radical scavenging activity and ferric-reducing antioxidant power (FRAP) of extracts
in the examined standard grains and ancient grains.

Genotypes
DPPH FRAP

μmol TE·g−1 μmol Fe2+ eq·g−1

Dur1 201.1 a ± 1.88 * 20.81 m ± 0.29
Dur2 183.7 cd ± 4.95 29.87 g ± 0.47
Dur3 192.8 b ± 7.87 25.03 j ± 0.47
BW1 173.6 e ± 3.75 26.97 i ± 0.41
BW2 155.4 fgh ± 0.79 30.45 fg ± 0.38
Trit1 135.4 k ± 4.77 36.45 de ± 0.55
Trit2 149.3 ghi ± 4.33 23.40 k ± 0.38
Trit3 111.8 l ± 2.92 18.78 n ± 0.28
Bar1 117.8 l ± 5.99 36.12 e ± 0.57
Bar2 141.7 jk ± 3.32 37.39 cd ± 0.52
Bar3 150.2 gh ± 4.76 28.79 h ± 0.45
Bar4 183.5 cd ± 2.24 31.31 f ± 0.42
Em1 177.1 de ± 0.86 22.22 l ± 0.29
Em2 180.5 cde ± 6.36 25.61 j ± 0.45
Spelt 187.3 bc ± 2.50 28.32 h ± 0.40
Rye1 159.4 f ± 4.00 23.09 kl ± 0.36
Rye2 177.7 de ± 6.36 20.01 m ± 0.38
Oats1 142.4 ijk ± 2.13 42.15 b ± 0.56
Oats2 148.2 hij ± 5.49 45.32 a ± 0.67
Oats3 156.1 fg ± 0.63 37.99 c ± 0.48

Tukey HSD (p < 0.05) 1.33 0.198
* Average ± standard error; the values signed with the same letter are not significantly different at the 0.05 level
of significance.

 
Figure 3. Dendrogram presenting concentrations of antioxidants in the grain of examined standard
and ancient grains.
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3.4. PC Analysis

To access and evaluate the possible linkage between tested genotypes and phyto-
chemicals present in all examined genotypes, PCA was performed. PC analysis showed a
six-component model which explained 87.51% of the total variability. The first axis had
a total variability of 34.1%, while the second axis had 18.9%, the third axis had 12.6%,
and the fourth axis had 10.7% of total variability. PCA showed that the concentration of
arabinoxylan, Ca, FA, and QUE correlated with the first axis in a significantly positive
way, while Pphy correlated with the first axis a in significantly negative way. Zn and
p-CoumA correlated with the second axis in a significantly positive way. Pi, GSH, βGlu,
and P correlated with the third axis in a significantly positive way, while Mn and NA
correlated with the same axis in a significantly negative way; Fe and Cu correlated with the
fourth axis in a significantly positive way, while K and Mg correlated with the same axis
in a significantly negative way (Supplementary Table S3). The best separation after PCA
resulted in the model consisting of the first two axes (Figure 4). Results revealed that all
three oat genotypes were mostly determined by the concentration of arabinoxylan, NA,
and QUE. The best separation after PCA resulted in the model consisting of the first two
axes (Figure 4). Results revealed that all three oat genotypes were mostly determined by
the concentration of arabinoxylan, NA, and QUE, while the Bar1, Bar2, and Bar3 genotypes,
together with Trit2, were found to be associated with protein content. The Bar4 genotype
was associated with the Pi concentration. To a lesser extent, barley was found to be associ-
ated with B-gluc and GSH. According to the PCA, the oat and barley genotypes, with the
exception of Bar4, were separated from all other species.
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4. Discussion

Cereals are an important staple food worldwide, providing most of the macro- and
micro-nutrients to humans. Owing to their high starch concentration, they are the foremost
source of energy in the diet, but other nutrients, with functional properties, make them
nutritious and desirable parts of any diet. From anutritional viewpoint, the diversity of
species (wheat, rye, barley, oats, etc.) and species’ genotypes could offer a whole range of
bioactive compounds in nutrition. It is well known that most of the present-day genotypes
are designed for high yields with high starch content; however, they are low in essential
elements and bioactive compounds and poorly adaptable to stressful conditions. Thus,
ancient and some older and colored grains are attracting attention nowadays as they are
highly adaptable and tolerant to growth in limited conditions [13,14,44]. Importantly, they
are rich in protein and various bioactive compounds, so they can therefore be considered
nutraceuticals [9].

4.1. Concentration of Protein and Dietary Fiber in the Standard and Ancient Grains

The results showed that protein in samples of Bar2, Bar4, Trit3, Dur1, and spelt had
concentrations ≥ 13%, indicating significant variability among analyzed genotypes in the
phytochemical composition of the grains. Majzoobi et al. [10] obtained a wide range of
protein content among various grains, including barley, spelt, and emmer wheat. They also
accentuated that spelt and barley are the richest sources of dietary fiber, too. Our research
revealed that the concentration of β-glucan, as a soluble fiber [4,45], was the highest in the
samples of barley (particularly Bar2) and oat genotypes, while the samples of oats (mainly
Oats1) and rye genotypes were found to be the best sources of arabinoxylan [2,45]. High
concentrations of β-glucan and arabinoxylan in examined genotypes of barley, rye, and
particularly oats can contribute to the beneficial microbiota in the human gut [46], and
they can also be a fiber source for gluten-free bread production [47]. More importantly,
examined triticale and barley genotypes could present a gene pool for the development of
high-protein cereals.

4.2. Essential Element Levels in the Standard and Ancient Grains

Considering essential elements, examined genotypes of rye, oats, emmer, and spelt
wheat had generally higher concentrations of essential elements compared to other geno-
types. In contrast to barley genotypes (especially Bar2) with the highest Pi concentration,
triticale and spelt revealed the highest concentration of Pphy, which is the most important
factor that sequesters most of the essential elements [16,17]. Nevertheless, spelt was also
the richest source of K, Mg, Mn, and Zn, which might suggest that it is capable of absorbing
and accumulating higher amounts of minerals from the soil, making it a superior crop for
growth in low-input systems [15]. Together with a high concentration of YP, the tested
spelt genotype can be seen as a highly nutritious grain as it is unique and independent of
other genotypes in terms of the potential bioavailability of essential elements. Similarities
between spelt, durum wheat, and triticale genotypes in terms of the accumulation of essen-
tial elements indicate their increased ability to utilize environmental sources concerning
the other cereals. The tested genotypes of emmer wheat and barley and, to a lesser extent,
durum wheat are also capable of accumulating higher amounts of Fe, Mn, and Cu, while
oats could be considered a good Ca source.

However, the lowest Pphy concentration refers to the higher potential availability of
essential elements from the Oats3 grain, which ensures the enhanced absorption of Ca, Mg,
Fe, and Mn during the digestion process [48,49]. A lower Phy/essential elements ratio was
also present in rye and emmer wheat genotypes, but to a lesser degree.

4.3. Antioxidants and Phenolic Acids in the Standard and Ancient Grains

Plants synthesize antioxidants to combat oxidative stress, and, in seeds, they serve
to protect viability during storage [50,51]. The concentration and antioxidant potential
of phenolic compounds are important traits from a nutritional point of view, too [52]. In
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this research, some critical low-molecular-weight non-enzymatic antioxidants were an-
alyzed in the grain of examined cereal genotypes, including the concentration of YP
as a fat-soluble antioxidant, as well as the concentration of Pphy, TPC, and GSH as
water-soluble antioxidants.

The antioxidant capacity to reduce DPPH radicals was shown to be the highest in
Dur1, which was also a genotype with the highest GSH concentration. High DPPH radical
scavenging activity was also noted in spelt (which had the greatest concentration of Pphy
and YP), as well as Em2 and Rye2 (which were high in TPCs and GSH). The FRAP value
was unsurprisingly the highest in Oats2, which showed the highest TPC value among all
the tested samples. The increased variability of Pphy, YP, and GSH, along with pronounced
similarity between examined durum wheat genotypes, Em2, spelt, and triticale genotypes,
makes them a desirable source of antioxidants, as well as a gene pool for the further
development of nutraceutical cereals.

In this research, the concentration of some common and rarely analyzed phenolic
compounds in cereal grains has been shown. The results from this study revealed the
presence of quercetin, daidzein, naringin, naringenin, catechin, and epicatechin in the
tested whole-grain cereals. Such data represent novelty because, through literature review,
it has been shown that the above-mentioned compounds can be mostly found in plant
species, such as buckwheat [53], soybeans [54,55], quinoa [56], citrus fruit peels [57], apples,
and Malus doumeri fruit [58,59]. Due to the lack of information on the phytochemical
content in whole-grain cereals, and especially of ancient grains, such as spelt and emmer
wheat, these results can be useful in enhancing data on this subject, especially nowadays
when the quest for high nutritional quality in food is a world tendency.

Montevecchi et al. [11] showed in their study that ancient wheat varieties, with higher
adaptability to local conditions and marginal soils, are a rich source of various phenolic
compounds, containing conjugated flavones, such as vitexin and isovitexin. Due to the fact
that p-coumaric acid and ferulic acid are the most present phenolics in cereal grains [29],
they were observable in the grains of all examined genotypes with the highest concentration
achieved in Oats3 and Oats2. While the greatest variability in the concentration of phenolic
compounds was present in the grains of barley and oats [29,60], some specificity was
present, especially when flavonoids were considered. Thus, samples of Oats1 and Oats2
showed the highest variability in naringin, quercetin, epicatechin, dihydro-p-coumaric,
ferulic, and isoferulic acid, while the Trit2 samples showed the highest variability in
dihydrocaffeic acid. The naringenin was mainly found in the grains of Em2 and oats. Since
observed phenolic acids have profound health benefits [61], this research supports the
statement that whole-grain products, particularly examined oat samples, are a valuable
source of various micro- and trace-bioactives. Owing to the high level of dietary and
prebiotic fiber [25] and prebiotic phenolic compounds [30], examined oat genotypes could
be considered nutraceuticals.

4.4. PC Analysis

PCA was conducted to uncover the potential unique nutritional fingerprint of the
tested whole-grain cereals. PCA revealed that the oats and barley genotypes were separated
from all other analyzed species owing to their unique nutritive profile, while all the other
species were similar due to their phylogenetic relationship. The association of oat genotypes
with arabinoxylan, QUE, and NA, along with Ca, TPCs, FA, and pCoumA, to a minor extent,
highlights their nutritional importance [10]. These compounds contribute significantly to
antioxidant activity, play a prebiotic role [30], and serve as an important source of calcium.
As previously mentioned, a possible association between the Bar1, Bar2, and Bar3 samples
and the concentrations of protein, β-Glu, and GSH suggests the distinctiveness of barley
genotypes as a valuable source of important bioactive compounds. The results obtained
in our study are in agreement with those obtained in the study of Majzoobi et al. [10]
who characterized barley as a highly nutritious grain, abundant in protein, vitamins, and
minerals. These authors also emphasized the importance of barley’s high β-glucan content,
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along with its phytosterols and polyphenols. Additionally, the strong association between
triticale genotypes and protein content further supports the idea that triticale is a highly
desirable and valuable nutritious crop. Consistent with our findings, Camerlengo and
Kiszonas [62] recognized triticale as a nutrient-rich crop, offering higher levels of protein,
health-promoting compounds, and a well-balanced amino acid composition. These findings
make these cereals highly desirable and offer breeders the potential to develop genotypes
with enhanced nutritional value.

5. Conclusions

While the importance of whole-grain cereals as a source of various nutrients has been
confirmed, the comprehensive analysis conducted in this study shed new light on their
nutritional uniqueness and importance as staple food and nutraceuticals at the same time.
Some of the genotypes that were analyzed, including durum wheat, triticale, spelt, emmer
wheat, and barley, emerge as significant and sustainable sources of protein. Additionally,
their content of bioactive compounds—such as prebiotic fibers (β-glucan and arabinoxylan),
essential minerals, and antioxidants—further enhances their value, positioning them as
valuable ingredients for functional foods.

Owing to the high protein, and particularly GSH level, Cosmostar (durum wheat
variety) could present a genetic pool for the development of high protein/GSH genotypes.
While ancient grains (emmer and spelt wheat) are highly adaptable and sustainable crops,
according to this study, Emmer FON, Emmer LP2-1-5, and Cimmyt spelt 1 are important
sources of highly available essential elements. Special attention should be given to Cimmyt
spelt 1, a genotype high in yellow pigment, which possesses high concentration of essential
elements (particularly Zn) and a high capacity to reduce DPPH radicals. Thus, ancient
grains from the MRIZP collection could serve as candidates for bio-fortification studies.
The high concentration of phenolic compounds and the presence of phenolics, dihydro-
p-coumaric acid, naringin, quercetin, epicatechin in grains of oats (Sopot), and catechin
in barley grains (Apolon and Osvit) underline their unique nutritive profile, making
them a desirable genetic pool for breeding cereal genotypes high in antioxidants and
prebiotic compounds.

This study is the first report of the assessment the concentration of thirty-three parame-
ters simultaneously in whole-grain cereals, including some ancient grains, such as spelt and
emmer wheat. For the first time, the PC analysis revealed a distinctive nutritional profile
for barley and oat samples. These findings emphasize the potential of these cereals as a
source of important nutrients and phytochemicals, offering the possibility of developing
genotypes with improved health benefits for humans.
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(GSH), β-glucan (βGlu), arabinoxylan (Arab), naringin (NA), p-Coumaric acid (p-CoumA), ferulic
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40. Szőllősi, R.; Varga, I.S.I. Total antioxidant power in some species of Labiatae: Adaptation of FRAP method. Acta Biol. Szeged. 2002,
46, 125–127.

41. McCleary, B.V.; Codd, R. Measurement of (1 → 3),(1 → 4)-β-D-glucan in barley and oats: A streamlined enzymic pro-cedure.
J. Sci. Food Agric. 1991, 55, 303–312. [CrossRef]
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Abstract: The morphology of wheat starch granules with different damaged starch (DS)
content was analyzed using a particle size analyzer and scanning electron microscopy
(SEM); the granular structure was studied using FT-IR spectroscopy and X-ray diffraction
(XRD); and the granule–water interaction was evaluated by thermogravimetric analysis
(TGA) and dynamic vapor sorption (DVS). The increase in the level of DS shifted the
population of B-type granules towards larger particle diameters and shifted the population
of A-type granules towards smaller particle diameters. The appearance of the surface of
the starch-damaged granules was rough and flaky (SEM images). Crystallinity reductions
were related to higher mechanical damage levels of the granular structure (FT-IR and XRD).
Higher DS increased the liquid-water absorption capacity of the granules. Higher DS
was associated with increments in less-bound water proportions and reductions in more
strongly bound water proportions and related to reductions in the evaporation temperature
of these water populations (TGA analyses). Concerning DVS data, the results suggested
that the driving force for water–monolayer attachment to the starch granules decreased
as DS increased. Therefore, it was suggested that the changes in granule structure led to
a weaker water–starch polymer chain interactions due to the increase in DS. The results
contribute to a better understanding of the influence of mechanical damage on the starch
granular structure, which could be related to the rheological and thermal behavior of
starch-based systems with different DS.

Keywords: starch; mechanical damage; granule–water interactions; granule structure;
crystallinity

1. Introduction

Native wheat starch (NS) is a polymer macromolecule that consists primarily of linear
amylose and highly branched amylopectin [1]. The polymer chains that constitute starch
are organized into structures called granules. Native starch granules’ crystallinity varies
from 15% to 45%. The semicrystalline solid characteristic of starch granules is determined
by the structural arrangement of amylose and amylopectin. These polymers are arranged
with their longitudinal axes perpendicular to the surface of the granule, giving rise to the
structure in the form of concentric rings or layers typical of starch granules. Two types of
layers can be identified, crystalline and amorphous, which are arranged alternately. The
crystalline layers are mainly composed of amylopectin, specifically by the double helices
of the amylopectin side chains, and in this matrix, some amylose molecules are dispersed.
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The amorphous layers originate at the branching points of amylopectin and are made up
especially of amylose, which are arranged between the branches of amylopectin forming
double helices. For most starches, the external surface of starch granules is the first barrier
to processes such as granule hydration, enzyme hydrolysis, and chemical reaction with
modifying agents. Consequently, it is becoming recognized that the nature of the granule
surface, particularly the presence of surface proteins and lipids, may significantly affect the
properties of the starch (Pérez et al., 2009) [2].

The process of grinding wheat until obtaining the desired particle size is achieved
through applying compression, abrasion, shear and impact forces, and a combination of
these. The granules that are damaged during milling constitute what is called damaged
starch (DS). The degree of starch damage during milling is influenced by three main factors:
the composition (amylose/amylopectin ratio) of the starch, the hardness of the grain, and
the milling conditions. In hard wheat, damaged starch can constitute 8% or more of the
total starch in the flour.

Damaged starch granules exhibit partial loss of birefringence, higher water absorption,
and higher susceptibility to enzymatic hydrolysis. Damaged granules absorb between
200 and 430% of their weight in water at room temperature, while native granules absorb
between 39 and 87%, increasing the flour’s water absorption capacity [3,4]. The polymer
chains in the crystalline regions of the granules interact strongly among them, affecting
the water penetration and allowing only water access to the amorphous regions. After
the partial interruption of the crystalline order due to mechanical damage, water access is
less restricted to these regions of the granule, increasing the water absorption capacity [5].
This condition makes damaged starch granules more accessible to amylases hydrolysis,
compared to native ones, which results in the production of dextrins [6,7]. The degrada-
tion of starch molecules by milling occurs mainly at the α-(1→4) glycosidic bonds in the
crystalline double helix, although it can also occur at the α-(1→6) branch points in the
amorphous lamellae of starch granules. The breakdown of α-(1→4) glycosidic bonds in
the crystalline region is denoted by the decrease in starch crystallinity after milling [8].
Molecules that form double helices in amorphous conformation are more flexible than
crystalline ones, which helps reduce the impact of mechanical shear during milling [9,10].
Several authors [11,12] have shown that milling produces an alteration in the structure and
functionality of starch granules. The damaged starch content influences the physicochemi-
cal and rheological properties of the flours, directly affecting the industrial performance
of the flours [7,13,14]. Consequently, the damaged starch content of flour is of crucial
importance in its characterization.

The objective of this work was to evaluate the influence of the milling damage level of
wheat-starch granules’ structure on their hydration and water-holding properties, focusing
on the mechanical process and its impact on the interactions between granules and water
in liquid and gaseous states.

2. Materials and Methods

2.1. Samples

Native wheat starch (NS: 4.8% DS) was milled in a Whisper Series Bench Top disk
mill (Rocklabs, Auckland, New Zeeland) at different times to obtain samples with different
damaged starch levels. The temperature was controlled during the milling; it was kept
under 40 ◦C to avoid starch oxidation reactions. Three levels of damaged starch were
obtained after milling: DS1 (1 min in disk mill, 14.7% DS); DS2 (2 min in disk mill, 21.4% DS);
and DS4 (4 min in disk mill, 32.2% DS). The damaged starch content was determined using
the AACC 76–30 A method [15]. Each measurement was made in triplicate.
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2.2. Particle Size Distribution Analysis

The particle size distributions of the samples were evaluated using a Laser Scattering
Particle Size Distribution Analyzer (HORIBA Scientific, LA-960, Kyoto, Japan). The starch
samples were placed in the dispersion tank of the particle size analyzer, which contained
distilled water. For the measurements, a starch refractive index of 1.33 was selected.
The analysis of particle size distributions was performed using LA-950 Software, which
generated a multimodal report. All the measurements were carried out in duplicate.

2.3. Fourier Transform Infrared Spectroscopy (FT-IR)

Starch samples were analyzed using an infrared spectrometer. FT-IR spectra between
650 and 4000 cm−1 were obtained with a Nicolet iN10 infrared microscope with a cooled
detector (Thermo Scientific, Waltham, MA, USA) and a resolution of 8 cm−1. The spec-
tra obtained were analyzed with OMNICTM 8.3 software (Thermo Scientific, Waltham,
MA, USA).

2.4. X-Ray Diffraction (XRD)

The degree of crystallinity of the samples was determined using X-ray diffraction with
a diffractometer (Philips PW1800, San Jose, CA, USA). The X-ray patterns were obtained
using Cu Kα radiation (λ = 0.154 nm) under the following operating conditions: 30 mA,
40 kV, a scanning range of 5–40◦ (2θ), and a scanning speed of 0.01 ◦/s. Both the crystalline
and amorphous fractions were quantified, and the percentage of crystallinity was calculated
following the procedure outlined by Barrera et al. [8]. Peakfit v4.12 software (Peakfit, Jandel
Scientific, San Rafael, CA, USA) was used to deconvolute the diffractograms in order to
quantify the crystalline peaks and amorphous phases.

2.5. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to evaluate the surface characteristics
of the starch granules. The samples were mounted on a sample holder and coated with a
30 nm thick layer of gold using a sputter coating system. To carry out the observations, a
Supra 55 VP scanning electron microscope (Carl Zeiss Co., Oberkochen, Germany) was used
at an acceleration potential of 1 Kv. The observations were conducted using a secondary
electron detector “SE” and an “In Lens”. Photographs were taken using automatic image
capture software. Images were obtained with magnifications of 7000×–48,000×.

2.6. Water Absorption Capacity (WAC)

The water retention capacity (WAC) of the samples was determined using a method
proposed by Palavecino et al. [16]. For the test, 0.5 g of sample (W1) was weighed in
centrifuge tubes and 6 mL of distilled water was added. Each tube was incubated at 25 ◦C
for 30 min and shacked at 0, 10, 20, and 30 min. The tubes were centrifuged for 20 min at
3000× g before draining the water excess. Each tube with wet sample (W2) was weighed
and WAC was calculated as the coefficient between W1 and W2. Each measurement was
made in duplicate.

WAC =
W2
W1

(1)

2.7. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) was carried out to analyze the interaction
between water and starch granules. To standardize the moisture content of the samples,
2 g of the solid was placed in an airtight container along with a 15% v/v sulfuric acid
solution. The containers were stored in a temperature-controlled chamber at 25 ◦C for
14 days until the equilibrium between ambient humidity and each sample was achieved.
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Then, hydrated starches (∼5 mg) were weighed into open aluminum capsules and analyzed
over a temperature range of 25–120 ◦C at a rate of 4 ◦C/min. The temperature range used
was selected (25–150 ◦C) to avoid starch decomposition. The graphs of the weight loss
(considered as water loss) vs. temperature of each sample were obtained, as was the first
derivative of these curves, that is, the rate of water loss (Derivative Thermo-Gravimetry
(DTGA) (%/◦C)). These curves were analyzed using TRIOS 5.1 software (TA Instruments,
New Castle, DE, USA). The DTGA curves were analyzed by deconvolution to separate
the overlapping peaks corresponding to different water populations through Gaussian
functions and quantification areas (Peakfit 4.12, Jandel Scientific, San Rafael, CA, USA) [17].
The size of the peaks and the average temperature at which they occurred were determined.
The size of the different peaks was calculated as the peak area (%) relative to the total
peaks. Adjustments with R2 greater than 0.99 were considered. All the measurements were
performed at least in duplicate.

2.8. Dynamic Vapor Sorption (DVS)

Dynamic vapor adsorption equipment, Advantage I model (Surface Measurement Sys-
tems Ltd., London, UK) was used. Approximately 25 mg of starch samples were weighed
into the DVS pans and placed inside a chamber at a constant temperature (25 ◦C) and
relative humidity (0% to 90%) controlled by the nitrogen flow. The equilibration moisture
content at each humidity value was determined by a change in dm/dt of 0.002 (%/min).
The determination of the adsorption and desorption curves was carried out in the range of
0 to 0.9 of P/P0 (partial pressure of water vapor inside the chamber/saturation pressure
of pure water vapor at the same temperature). The pressure relationship that determines
the aqueous activity of the gas inside the chamber was equal to the definition of the water
activity (aw) of food at equilibrium [18]. Measurements were carried out in duplicate.

The theoretical models of Guggenheim, Anderson, and de Boer (GAB) and Brunauer–
Emmett–Teller (BET) were adjusted to the experimental data (regression coefficient: 0.99)
using SigmaPlot 10.0 software (Systat Software, Inc., Surrey, Germany). Nonlinear regres-
sion analysis was applied over the range 0–0.9 aw in the GAB model and 0–0.5 aw in the
BET model to determine the apparent monolayer coverage. In those models, W was the
equilibrium moisture content (g H2O/100 g dry solids), Wm was the monolayer content
(g H2O/100 g dry solids), C was the model constant, and aw was the water activity. In the
GAB model, Kg was the model constant. The monolayer content Wm was a measure of the
availability of active sites for water sorption [19]. It represented the moisture content where
dehydrated food materials showed their maximum shelf life since degradation reactions
were limited [20]. Parameter C was related to the binding force of water to the primary
binding sites. Regarding the Kg parameter, when this approached 1, there were practically
no differences between the multilayer water molecules and those of free water [19].

2.9. Statistical Analysis

Statistical analysis was conducted using analysis of variance (ANOVA). Means were
compared with an LSD Fisher test at a significance level of 0.05. INFOSTAT statistical
software v2020 (Facultad de Ciencias Agropecuarias, UNC, Córdoba, Argentina) was utilized
for the analysis.

3. Results and Discussion

3.1. Particle Size Distribution Analysis

Starches extracted from different plant sources display unique granular shapes and
structures. Starch granules can vary in shape, including spherical, oval, polygonal, lenticu-
lar (disk-shaped), and elongated forms. Their sizes can range from less than 1 μm to 100 μm
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in diameter. Wheat starch displays a bimodal particle size distribution: the larger granules
(A-type) are disk-shaped or lenticular, with diameters between 18 and 33 μm, while the
smaller granules (B-type) are spherical, with diameters ranging from 2 to 5 μm [21].

The particle size distribution of the starch granules is shown in Figure 1a. Increased
mechanical damage to the starch granules caused a shift in the population of B-type gran-
ules toward larger particle diameters (Figure 1b). This shift can be attributed to a higher
swelling in cold water or at ambient temperature. As a result, the peak corresponding to
the B-type granule population began to overlap with that of the A-type granule popula-
tion, making the bimodal distribution nearly indistinguishable. The rapid hydration and
swelling of starch granules may occur due to alterations in their surface structure. The
milling process can modify the granular surface, impacting the hydration and swelling of
starch granules [8]. Previous studies have shown that the B-type granules in wheat starch
are more susceptible to damage than A-type granules [22].

Figure 1. Particle size distributions of starch samples. (a) Complete particle size distributions,
(b) B-type starch granules particle size distributions. q: volume (%). NS: 4.8% DS, DS1: 14.7% DS,
DS2: 21.4% DS, DS4: 32.2% DS.

As for the A-type granule population, increased mechanical damage caused a shift
toward smaller particle diameters, likely due to granular rupture. However, in the sample
with the highest level of damage (DS4), the A-type granule population shifted toward larger
diameters, approaching the distribution observed in the native starch sample. This suggests
that A-type granules may become more prone to damage at higher grinding times, leading
to their hydration, which was previously insignificant compared to B-type granules at
lower grinding times. Hong et al. [23] reported that A-type wheat starch granules increase
in size with prolonged regrinding (1, 3, and 5 h).

3.2. Fourier Transform Infrared Spectroscopy (FT-IR)

The FTIR spectra from 4000 to 700 cm−1 of the starch samples are shown in Figure S1.
The spectrum region located between 4000 cm−1 and 1500 cm−1 showed the same character-
istic peaks for all the analyzed samples. All four samples exhibited the same characteristic
peaks at 3500 cm−1, 2900 cm−1, 2100 cm−1, and 1650 cm−1. The peak at 1650 cm−1 was
associated with the water molecules absorbed in the amorphous region [24]. The peak
at 2100 cm−1 is attributed to free water content [25]. The peaks at 2900 and 3500 cm−1

correspond to CH2 deformation and OH bonds, respectively [26].
The most important structural differences could be observed in the region located

between 1500 and 700 cm−1 (Figure 2), considered the “fingerprint”. These are related to
information about changes in the polymer structure and starch conformation. The peaks
at approximately 1412 cm−1 were assigned to the bending vibrations of the -CH2 bonds
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and the stretching of the O-C-O bonds. The bands observed near 1340 cm−1 correspond
to the bending vibrations of the C-O-H bonds and the twisting vibrations of the -CH2

bond. Around 1150 cm−1, a band was observed to be assigned to the vibrations of the
C-O-C glycosidic bonds and the complete glucose ring that may be present in different
vibrational modes and bending conformations [27]. At 1070 cm−1 and 1005 cm−1, the
spectra presented two bands assigned to the crystalline and amorphous regions of starch,
respectively. The peak observed at 930 cm−1 was assigned to the vibrational modes of
the α-(1→4) glycoside bonds of the starch glucose chain backbone. Finally, the signals
observed at 850 cm−1 and 760 cm−1 correspond to the deformation of the C bonds (C1 of
the glucose structure)-H and CH2, and the stretching vibrations of the C-C bonds [27].

Figure 2. FT-IR spectrum “fingerprint” region of starch samples. q: volume (%). NS: 4.8% DS; DS1:
14.7% DS; DS2: 21.4% DS; DS4: 32.2% DS.

Some authors have suggested that the infrared spectroscopy technique is sensitive
to the so-called “short-range order”, defined as the order of the double helix of the starch
structure, as opposed to the “long-range order” related to the packing of the double
helices [28].

An increase in the intensity of the band located at around 1005 cm−1 has been as-
sociated with a decrease in the crystallinity of starch. On the other hand, an increase
in the intensity of the band located at around 1070 cm−1 has been associated with an
increase in the crystallinity of starch. The ratio (R) between the intensities (I) of the bands
(R = I1070/I1005) has been analyzed to study changes in the crystallinity of starch gran-
ules because of different processes [26,29]. In this work, a decrease in the intensity of
the band to 1070 cm−1 and an increase in the intensity of the band to 1005 cm−1 were
observed, and therefore a decrease in the R ratio with the increase in the content of dam-
aged starch. This result suggests that, by increasing the level of mechanical damage of the
granules, the amorphous proportion of the polymeric structures that make up the granular
arrangement increases.

3.3. X-Ray Diffraction (XRD)

Radial confirmation of amylopectin is the basis of the structure of starch granules [2].
Taking this into account, the short chains of amylopectin are what largely determine the
level of crystallinity of the starch granules.

The diffraction patterns of starch samples with different damaged starch content
showed the characteristic profiles of starch from cereals (A-type) (Figure 3). The main
refraction peaks of this type of pattern are observed at 2◦, 15◦ and 23◦, and a doublet at
approximately 17◦ and 18◦ [30]. The type of crystalline polymorph is determined by how
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the double helices of the amylopectin chains are organized and packed in the starch granule
and by the average length of amylopectin chains. Wheat starch exhibits this diffraction
pattern because, on average, it has short chain lengths [31].

 

Figure 3. X-ray diffraction patterns of starch samples. NS: 4.8% DS (black); DS1: 14.7% DS (red);
DS2: 21.4% DS (blue); DS4: 32.2% DS (green).

The intensity of the peaks in the diffractograms decreased with the amount of damaged
starch (Figure 3). These findings suggest a loss of structural order in the starch granules. In
agreement with these results, it has been shown that starch crystallinity, measured by X-ray
diffraction, differential scanning calorimetry, and nuclear magnetic resonance, depends on
the severity of the milling conditions and time [32].

The degree of total crystallinity of the starch was determined from the deconvolution
of the peaks obtained from the diffraction patterns, and then calculating the integrals of the
areas of the amorphous and crystalline peaks. The degree of total crystallinity for the starch
samples with different damaged starch content gradually decreased (p < 0.05) from 34.1%
(NS) to 32.3%; and 30.4% and 28.9% for the DS1, DS2, and DS4 samples, respectively. These
results confirm that there was a loss of crystallinity of the damaged starch granules due to
mechanical action. Franzoni et al. [33] found similar crystallinity values for starch samples
with different contents of damaged starch, using low-field and single-sided NMR analysis.

Morrison et al. [34] observed a similar behavior and proposed that mechanical damage
to starch granules causes a gradual loss of the molecular order of the polymers that form it.
These authors noted that the crystallinity determined by X-ray diffraction and the double
helix content of amylopectin decrease as the damaged starch content increases, leading to
the idea that mechanical damage could produce a new amorphous material, which would
be differentiated from the amorphous part of the native starch granules. The gelatinization
enthalpy values correlated with the decrease in the crystallinity of the starch granules,
as observed in previous studies [3,35]. The enthalpy of gelatinization of starch granules
involves different thermodynamic events that include the swelling of the granules, fusion
of crystals (endothermic processes), and hydration and rearrangement of the polymer
chains (exothermic processes) [32].
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Various authors have reported that mechanically treating starch samples results in
defects accumulating in the crystal structure. Dome et al. [36] stated that the grinding
process disrupts the double helices of amylopectin and the single helices of amylose. This
disruption occurs due to the breaking of hydrogen bonds or glycosidic bonds within the
crystalline regions. Therefore, milling causes the release of intercalated amylose molecules
from the crystalline regions into the amorphous regions [36].

3.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a widely used tool to study the structural
characteristics and architecture of starch granules. Although image acquisition requires a
high vacuum and sample preparation techniques that tend to damage or alter the structure
of the granules [2], this microscopic technique has proven to be very useful for studying the
surface and the internal structure of starch granules. A disadvantage of the SEM technique
is that the morphological analysis obtained from the images is only qualitative. The images
obtained using the SEM showed the presence of large and lenticular and small and spherical
starch granules, which correspond to A-type and B-type granules, respectively (Figure 4).

 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 4. SEM images of starch samples. On the left: 3.00 K X magnification. On the right:
8.00 K X magnification. (a,b) NS: 4.8% DS, (c,d) DS1: 14.7% DS, (e,f) DS2: 21.4% DS, (g,h) DS4:
32.2% DS. (a,c,e,g) images: 3 kV, 3000×. (b,d,f,h) images: 3 kV, 8000×.
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The analysis of the images of the native starch (NS) sample revealed that the surface
of the granules was smooth and flat, although there were reliefs or marks associated
with points where the granules could have been in close contact with another one [8,22].
However, in the images of samples DS1, DS2, and DS4, it was observed that the surface of
the granules went from having a smooth and polished appearance to a rough and flaky
appearance, because of the grinding process (Figure 4). Similarly, Tester et al. [22] reported
that, as a consequence of grinding, the granular surfaces became distorted, rough, and with
numerous clumps, and in this sense, few intact granules after this process were observed.

3.5. Water Absorption Capacity (WAC)

Damage to starch granules during milling increased their water absorption capacity
(Table 1). However, the swelling power decreases when damaged starch granules are
generated under extremely severe conditions [37]. Since milling can promote an alteration
in the proportion of hydrogen bonding interactions, it is possible that, because of this
phenomenon, more hydroxyl groups within the double helices become available to interact
with the surrounding water molecules [38], thus increasing the water absorption capacity
(and, at the same time, increasing its swelling power). Likewise, damaged starch granules
have a structurally altered surface, which facilitates the access of water molecules, which
consequently promotes their absorption [39]. However, excessive granular damage during
milling may cause the collapse of the semi-crystalline layers and contribute to the decrease
in the swelling power of the granules.

Table 1. Effect of DS on water absorption capacity of starch.

Sample WAC

NS 1.93 ± 0.01 a

DS1 2.28 ± 0.05 b

DS2 2.53 ± 0.01 c

DS4 2.76 ± 0.04 d

WAC: water absorption capacity. NS: 4.8% DS; DS1: 14.7% DS; DS2: 21.4% DS; DS4: 32.2% DS. Values followed by
different letters are significantly different (p < 0.05).

Wang and Copeland [40] suggested that the integrity of amylopectin dominates the
swelling power of starch granules. Presumably, milling depolymerized amylose chains,
which could result in a decrease in the swelling power of the granules, with the increase in
the degree of milling [39]. From this, it is possible to infer that damaged starch may have
higher solubility compared to native starch. The greater the severity of milling (and, conse-
quently, the higher the damaged starch content), the greater the starch solubility [37,41].
Some authors have observed that solubility is positively correlated with damaged starch
content [42]. The depolymerization of starch granules caused by the mechanical milling
process increases the proportion of molecules of lower molecular weight and consequently
increases their solubility. González et al. [43] observed a negative exponential correlation
between the solubility and the degree of crystallinity of rice starch. According to this, the
structural disorder (associated with the increase in the amorphous regions of the starch
granules) caused by the reductions in the crystalline regions also contributed to the increase
in solubility. Furthermore, the solubility of damaged starch increases noticeably in hot wa-
ter (T◦ > 50 ◦C) in contrast to water at room temperature (~25 ◦C) [44]. The reason for this
behavior could be that the molecules move faster at higher temperatures, which accelerates
the dispersion of amylose from the amorphous region and other water-soluble factions.
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3.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal analysis method based on the mea-
surement of the mass loss of a material as a function of temperature. The observed changes
in thermal behavior can be attributed specifically to the evaporation of water from the
system, due to heating. The curves of the percentage of weight loss (%) as a function of
the temperature of the samples are shown in Figure 5. The percentage of weight loss at
different temperatures is shown in Table 2.

Figure 5. Curves of the percentage of weight loss as a function of temperature for starch samples,
obtained by TGA. NS: 4.8% DS; DS1: 14.7% DS; DS2: 21.4% DS; DS4: 32.2% DS.

Table 2. Effect of DS on weight loss at 30, 50, 70, 90, 100, and 110 ◦C measured by TGA.

Sample
Weight Loss (%)

30 ◦C 50 ◦C 70 ◦C 90 ◦C 100 ◦C 150 ◦C

NS 4.1 ± 0.1 a 43.1 ± 0.5 a 77.1 ± 1.0 a 94.3 ± 1.0 a 97.8 ± 0.3 a 99.7 ± 0.2 a

DS1 4.8 ± 0.2 ab 47.7 ± 0.9 b 79.7 ± 0.5 b 94.7 ± 0.1 ab 98.0 ± 0.1 ab 99.6 ± 0.0 a

DS2 9.0 ± 0.6 c 53.3 ± 1.3 c 82.6 ± 0.6 c 95.7 ± 0.3 bc 98.5 ± 0.2 bc 99.6 ± 0.1 a

DS4 5.8 ± 0.6 b 55.5 ± 1.9 c 84.7 ± 0.4 d 96.7 ± 0.1 c 98.9 ± 0.2 c 99.5 ± 0.1 a

NS: 4.8% DS; DS1: 14.7% DS; DS2: 21.4% DS; DS4: 32.2% DS. Values followed by different letters in the same
column are significantly different (p < 0.05).

According to the results, the percentage of water lost at 50 ◦C and 70 ◦C increased
gradually and significantly (p < 0.05) with the increase in the damaged starch content.
These results suggest that, as damage to the starch granule structures increased, the water
bound to them was released at a higher rate. In addition, the temperature at which different
percentages of water were lost (30, 50, 75, 80, 90, and 100%) was determined, which are
detailed in Table 3. As a general trend, it can be observed that the temperature at which a
certain percentage of water was lost from the samples decreased with the increase in the
damaged starch content. This effect was more significant at water percentages of 75, 80,
and 90%. As in the analysis previously carried out, the results indicated that, by increasing
the content of damaged starch, water was released faster, that is, at lower temperatures.

The DTGAs curves (Figure 6) seem to reflect the presence of two overlapping events,
a main peak at around 45 ◦C and a second one (a small shoulder of the first one) at around
60 ◦C. Two peaks were obtained for each starch sample, indicating the existence of two
populations of water: one population that presents weaker interactions with the starch
granules (population 1) and another population that shows stronger interactions with them
(population 2). Table 4 shows the temperatures at which the main peak occurs for each
sample and the areas of each peak relative to the total area of the curves. Water in the
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presence of heat establishes a high-pressure vapor gradient within the granular structure.
Starch retains water through the hydrogen bonds between amylose and amylopectin
branches and inter-amylopectin helices [45].

Table 3. Effect of DS on temperature at 30, 50, 75, 80, 90, and 100% of weight loss measured by TGA.

Sample
Temperature (◦C)

30% 50% 75% 80% 90% 100%

NS 40.1 ± 0.9 a 51.2 ± 2.9 a 67.1 ± 2.5 b 71.5 ± 2.4 c 82.8 ± 2.1 c 165.3 ± 43.9 a

DS1 42.3 ± 0.4 a 51.1 ± 0.5 a 66.2 ± 0.4 b 70.3 ± 0.4 bc 81.8 ± 0.3 bc 195.8 ± 0.3 a

DS2 39.7 ± 0.6 a 48.5 ± 0.6 a 63.3 ± 0.7 ab 67.5 ± 0.6 ab 78.9 ± 0.7 ab 196.7 ± 0.8 a

DS4 39.8 ± 0.8 a 47.5 ± 1.0 a 61.5 ± 0.7 a 65.6 ± 0.5 a 76.5 ± 0.3 a 192.9 ± 5.2 a

NS: 4.8% DS; DS1: 14.7% DS; DS2: 21.4% DS; DS4: 32.2% DS. Values followed by different letters in the same
column are significantly different (p < 0.05).

Table 4. Effect of DS on peak temperature (T) and relative peak area percentages (A) for the decon-
volved peaks measured by TGA.

Sample T1 (◦C) A1 (%) T2 (◦C) A2 (%)

NS 41.7 ± 0.5 b 37.5 ± 0.3 a 61.5 ± 0.3 c 62.5 ± 0.3 c

DS1 40.4 ± 0.4 b 38.7 ± 0.5 b 58.2 ± 0.3 b 61.3 ± 0.5 b

DS2 37.9 ± 0.7 a 42.5 ± 0.2 c 56.4 ± 0.8 b 57.5 ± 0.2 a

DS4 37.7 ± 0.5 a 43.0 ± 0.3 c 51.7 ± 0.9 a 57.0 ± 0.3 a

T1 and A1 correspond to peak 1. T2 and A2 correspond to the peak. NS: 4.8% DS; DS1: 14.7% DS; DS2: 21.4% DS;
DS4: 32.2% DS. Values followed by different letters in the same column are significantly different (p < 0.05).

After the elimination of excess water, drying speeds always follow three well-defined
stages: the first stage is related to the evaporation of interstitial water between the granules,
which evaporates almost as pure water; the second stage is associated with the surface
water of the granules; and finally, the third stage relates to the most strongly bound water
(or structural water). The water molecules most tightly bound to starch can be interpreted
as water in the crystalline regions and the amorphous regions of the starch granules.

Water population 1 presented maximum peak temperatures between 41.7 ◦C (NS)
and 37.7 ◦C (DS4), with a significant decrease observed as the damaged starch content
increased. On the other hand, water population 2 also showed a gradual and significant
(p < 0.05) decrease in peak maximum temperatures from 61.5 ◦C (NS) to 51.7 ◦C (DS4).
Because water population 1 appeared at lower temperatures, it can be related to excess
water, the interstitial (located between the granules), and the water found on the surface of
the starch granules. The water population 2 can be attributed to those molecules that are
more closely bound to the starch in the pores and channels of the granules, associated with
the amorphous and crystalline regions.

By increasing the damaged starch content from 4.8 to 32.2%, a decrease in the peak
temperature of both populations was detected. However, this decrease was greater for the
peak of water population 2 (10.2 ◦C for population 2 and 3 ◦C for population 1). In contrast,
the increase in damaged starch content caused a gradual and significant increase (p < 0.05)
in the relative area of population 1, and a gradual and significant (p < 0.05) decrease in
the relative area of population 2. The area under the curve gives us information about the
number of water molecules associated with that population.

In summary, the increase in the content of damaged starch caused different effects:
(a) an increase in the proportion of less bound water and a decrease in its evaporation
temperature (fraction of water found on the surface of the granules and in the interstitial
regions) and (b) a decrease in the amount of more strongly bound and in its evaporation
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temperature (fraction of water found in the crystalline and amorphous regions of the
granules). Consequently, the greater the degree of damage to the starch granules, the more
easily water was released, and the proportion of less bound water increased.
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Figure 6. Curves of derivate of weight loss as a function of temperature (dW/dT) for starch samples,
obtained by TGA. (a) NS: 4.8% DS; (b) DS1: 14.7% DS; (c) DS2: 21.4% DS; (d) DS4: 32.2% DS.

3.7. Dynamic Vapor Sorption (DVS)

The relationship between the total moisture content and the corresponding water activ-
ity of a product at a constant temperature generates what is called a sorption isotherm [46].

All the curves showed an increase in the equilibrium moisture content with increasing
water activity (aw) (Figure 7 shows those obtained for NS and DS4). The sigmoidal shape
found in all isotherms of the samples is typical of type II isotherms based on Brunauer’s
classification [47]. This type of isotherm is due to the monolayer–multilayer sorption theory.

The DVS curves obtained for the samples with different damaged starch content
were similar, although, a change in the increasing slope of the curve was observed from
the aw values of 0.7. This upward curvature can result from the condensation of vapor
molecules within the interstitial spaces of materials or polymers. The sorption of water by
starch occurs through the interaction of water molecules with hydroxyl groups, which are
primarily found in the amorphous regions and on the surface of starch crystals. In contrast,
the crystalline regions of starch typically resist moisture penetration and have energetically
less favorable sites for water sorption [48]. However, in the aw region above 0.7, the
sorption patterns showed different slopes of increasing moisture content with increasing
water activity. Comparing the adsorption process of the NS and DS4 samples, above an
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aw of 0.7, a higher water adsorption was observed when the damaged starch content was
32.2% (DS4) (Figure 7). This was inversely related to the crystallinity percentages of the
starch samples, since the DS4 sample presented a lower crystallinity (determined by XRD),
and therefore, an increase in the proportion of amorphous regions.
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Figure 7. Sorption isotherms for NS and DS4 starch samples. NS: 4.8% DS; DS4: 32.2% DS.

In the wet state prior to desorption, nearly all the hydroxyl groups in the molecular
structure of the starches were occupied by absorbed water molecules. During the desorption
process, these hydroxyl groups were gradually released, allowing them to come closer
together and form hydrogen bonds with each other. Through this interaction, the interstitial
spaces of the polymers that formed starch were irreversibly reduced, so that the trapping
of capillary water molecules decreased. Some researchers have suggested that irreversible
polymer shrinkage may create kinetic barriers to moisture migration, which could account
for the observed “non-zero” moisture contents at aw = 0 during desorption [48].

The two analyzed models fitted the experimental data (correlation coefficients > 0.99)
related to the water adsorption process. Figure 8 shows the curves obtained experimentally
and those obtained through mathematical adjustments for the GAB and BET models. The
adjustment parameters of the isotherms from the models applied for water adsorption
are shown in Table 5. The monolayer value (associated with the parameter Wm) for the
damaged starch samples was estimated using the GAB and BET models. The monolayer
values were similar for all the starch samples, ranging from 0.086 to 0.090 g water/g solids
and 0.068 to 0.070 g water/g solids for GAB and BET, respectively. However, a decrease in
the value of parameter C was observed when DS increased from 4.8 to 32.2%. The C value
is related to temperature and isosteric heat (also known as differential enthalpy of sorption,
which provides a measure of the energy of the union between the adsorbed water and the
molecules of food) during the adsorption of water in food. In the GAB model, this decrease
was observed gradually, from 18.1 for NS to 14.5 for DS4. While in the BET model, the
decrease was from 20.1 to 18.6 for AN and DS4, respectively. These modifications suggested
that the driving force for the monolayer attachment also decreased. Therefore, the energy
involved in the unions of the starch polymer chains with the adsorbed water was lower
with increasing mechanical damage.
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Figure 8. The sorption curve fits with the GAB and BET models for the starch samples. (a,b) NS:
4.8% DS; (c,d) DS1: 14.7% DS; (e,f) DS2: 21.4% DS; (g,h) DS4: 32.2% DS.
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Table 5. Effect of DS on parameters determined from the fit of the GAB and BET models to the
experimental data for starches measured by DVS.

Model Sample Wm KG C R2 s

GAB

NS 0.086 0.693 18.1 0.99 0.0013
DS1 0.089 0.685 18.4 0.99 0.0015
DS2 0.088 0.684 18.0 0.99 0.0016
DS4 0.090 0.690 14.5 0.99 0.0022

BET

NS 0.069 20.1 0.99 0.0017
DS1 0.070 21.5 0.99 0.0016
DS2 0.068 21.3 0.99 0.0016
DS4 0.068 18.6 0.99 0.0014

Wm: monolayer moisture content; Kg and C: model constants; s is the standard deviation of the fit. NS: 4.8% DS;
DS1: 14.7% DS; DS2: 21.4% DS; DS4: 32.2% DS.

4. Conclusions

The damage caused by the milling process of the starch granules produced physical
changes in their structures. These modifications could be observed qualitatively by scan-
ning electron microscopy, where more irregular, rough, and less uniform granule surfaces
were distinguished compared to those of the native starch granules. Analyzing the particle
size distribution, it was concluded that the B-type and A-type granules were susceptible to
the effects of the mechanical damage produced during the milling times analyzed.

Different techniques used during this stage of the work (X-ray diffraction and infrared
spectroscopy) allowed us to confirm that there was a decrease in the crystallinity of the
starch granules by the milling process. This loss of the degree of crystallinity led to
modifications in the interactions with water molecules.

TGA and WAC analyses suggested that the increase in the content of damaged starch
generated a greater absorption of water and that the interactions established between water
and the polymers of the damaged starch samples were weaker than those established with
native starch. Consequently, the greater the degree of damaged starch, the higher the
proportion of the less bound water and the more easily water was released. Additionally,
DVS analysis showed a higher absorption of water at high aw values and a lower energy
involved in the unions of the starch polymer chains with the adsorbed water when increased
the mechanical damage.

The main findings of this research provide a deeper understanding of the changes
associated with the mechanical damage of the starch granular structure and its interaction
with water. Further studies are needed to relate these results to the hydration properties
of flours and their relationship with the rheological and thermal characteristics of starch-
based systems.
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Abstract: Within the wheat starchy endosperm, the protein content increases biexponentially from
the inner to outer endosperm. Here, we studied how this protein gradient is reflected in mill
fractions using three cultivars (Claire, Apache, and Akteur) grown without and with N-fertilization
(300 kg N ha−1). The increasing protein content in successive break fractions was shown to reflect
the protein gradient within the starchy endosperm. The increasing protein content in successive
reduction fractions was primarily due to more aleurone contamination and protein-rich material
being harder to reduce in particle size. The miller’s bran fractions had the highest protein content
because of their high sub-aleurone and aleurone content. Additionally, the break fractions were used
to deepen our understanding of the protein composition gradient. The gradient in relative gluten
content, increasing from inner to outer endosperm, was more pronounced without N-fertilization
than with and reached levels up to 87.3%. Regarding the gluten composition gradient, no consistent
trends were observed over cultivars when N-fertilization was applied. This could, at least partly,
explain why there is no consensus on the gluten composition gradient in the literature. This study aids
millers in managing fluctuations in the functionality of specific flour streams, producing specialized
flours, and coping with lower-quality wheat.

Keywords: milling; protein distribution; gluten; break fractions; sub-aleurone; N-fertilization; wheat
varieties; flour quality

1. Introduction

Wheat (Triticum aestivum L.) accounts for 19% of global protein intake, making it the
number one protein source worldwide [1]. A wheat kernel comprises four main parts:
the botanical bran (pericarp, testa, and nucellar epidermis) (6–8% w/w), aleurone layer
(6–7% w/w), starchy endosperm (80–84% w/w) and embryo (3% w/w) [2,3]. The starchy
endosperm is spatially heterogeneous in architecture and composition [4,5]. Small, protein-
rich sub-aleurone cells can be found at its periphery [5–7]. The prismatic endosperm cells
are located beneath the sub-aleurone cells, extend towards the center of the cheeks, and
measure 128–200 μm × 40–60 μm × 40–60 μm [5]. The central endosperm cells lie in
the center of the cheeks, are round or polygonal, low in protein, and have dimensions
of 72–144 μm × 69–120 μm [5]. The compositional heterogeneity within the starchy en-
dosperm includes a gradient in protein content and protein composition from the center of
the cheeks towards the boundary with the aleurone layer [4,6–9]. The gradient in protein
content can be described as an ascending biexponential curve with protein contents as
high as 32% beneath the aleurone layer due to the presence of protein-rich sub-aleurone
cells [7]. The extent of this gradient highly depends on the cultivar and the level of nitrogen
fertilization (N-fertilization) [7].
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Millers aim to separate the starchy endosperm from the aleurone layer and botanical
bran and grind this into white flour using roller milling, a dry fractionation process. Using
multiple sets of corrugated break rolls, smooth reduction rolls, and plansifters or sieves,
more than 50 white flour fractions [10] and 10 bran-rich side streams are produced in an
industrial mill. Fluctuations in the functionality of specific flour streams, stemming from
differences in the starchy endosperm protein gradient, may introduce variability in the
miller’s end products. At the same time, these fluctuations also create opportunities for the
development of customized flour formulations. Insight into how the protein gradient in
the endosperm is reflected in mill streams is, therefore, of utmost importance.

In the scientific literature, laboratory roller mills are often used. They operate on a
similar principle as industrial mills but vary in terms of the number of flour- and bran-rich
fractions they yield, as well as their efficiency (flour yield). Pairs of corrugated break rolls
open the kernels and scrape off the resulting bran particles to remove the adhering starchy
endosperm [11]. The pairs of smooth reduction rolls reduce the starchy endosperm particles
to fine flour [11]. It was reported that the last break (BFs) and reduction fractions (RFs)
are higher in protein content compared to the other flour fractions [12,13]. This is often
ascribed to aleurone and botanical bran contamination [12,14]. However, Tosi et al. [14]
hypothesized that the lower protein content of the first BF and RF could be attributed not
only to lower levels of bran contamination but also to the fact that these could originate
from the inner endosperm, while the later BFs and RFs would be derived from the outer
endosperm. Simmons and Sutton [15] and Wang et al. [16] observed that the increase in
protein content from the first to last BF was more outspoken than throughout the RFs. To
the best of our knowledge, there is currently no literature available on the protein content
of mill fractions derived from different cultivars grown at different levels of N-fertilization,
and, therefore, also displaying a high variability in gradient in protein content within the
starchy endosperm.

In addition to the protein content, the protein composition plays a crucial role in
determining the functionality of flour streams [17]. Two important aspects concerning
protein composition are the relative gluten content (the proportion of proteins being gluten
proteins) and the gluten composition (the relative proportion of gluten protein types) [4].

Sequential pearling of kernels is not very well suited for studying the gradient in
relative gluten content due to its limited spatial specificity [4,18]. The non-spherical shape
of wheat kernels and the crease cause outer endosperm fractions to be contaminated with
aleurone material, which does not contain gluten [19]. Recently, Hermans et al. [9] used
laser microdissection to separate sub-aleurone tissue from inner endosperm tissue and
showed with proteomics that the sub-aleurone has a significantly higher relative gluten
content than the inner endosperm. Although this study effectively detected significant
differences in relative gluten content, it could not provide accurate mass-based relative
gluten contents [9]. However, it did give a very strong indication that the gradient in
relative gluten content increases from the inner to outer endosperm. Unlike the gradient
in relative gluten content, sequential pearling of kernels can be used to investigate the
gradient in gluten composition. However, the results reported by Tosi et al. [6] and
He et al. [8] were inconclusive. For example, for various wheat cultivars and varying levels
of N-fertilization, the proportion of high molecular weight glutenin subunits (HMW-GS)
(expressed relative to total gluten content) was either observed to be higher, lower, or
not significantly different in the sub-aleurone-enriched fraction compared to the inner
endosperm-enriched fractions [6,8]. In both pearling studies, the presence of aleurone
contamination could also interfere with the SDS-PAGE and SE-HPLC analysis performed
in these studies, as the molecular weight of aleurone proteins ranges from <10 kDa to near
100 kDa [20]. Hermans et al. [9] did not detect a significant difference in HMW-GS protein
proportion between the sub-aleurone and inner endosperm. Hence, there is no consensus
on the gradient in gluten composition, while there are strong indications that the gradient
in relative gluten content increases from the inner endosperm toward the sub-aleurone,
although the magnitude of this increase remains unclear.
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Limited research has been conducted regarding the protein composition of mill frac-
tions. However, there are indications that the relative gluten content changes throughout
both the BFs and RFs [15,16]. Regarding gluten composition, no differences were noted
across the BFs and RFs [15,16]. However, Wang et al. [16] did document an increase in the
proportion of gliadins across the RFs.

Because of the industrial relevance and the identified gaps in the existing literature,
the main goal of this study was to investigate how the protein gradient within the starchy
endosperm, affected by cultivar and N-fertilization, is translated to the protein content
and composition of mill fractions. To investigate this, three wheat cultivars, grown with
and without N-fertilization, of which the gradient in protein content was analyzed by
Hermans et al. [7], were milled. The resulting mill fractions were subsequently investigated
in detail. The findings of this study are relevant for both fundamental research and the
milling industry. Given the trend toward less N-fertilization (imposed by governments)
for environmental reasons, investigating the effect of N-fertilization on the protein content
and composition of mill streams is extremely relevant. Due to reduced N-fertilization,
industrial millers are required to produce functional ingredients from lower-quality raw
materials. This capability, in turn, could accelerate the transition to reduced N-fertilization.

2. Materials and Methods

2.1. Materials

Sodium dihydrogen phosphate dihydrate, sodium phosphate dibasic dodecahydrate,
TRIS, hydrochloric acid, 1-propanol, dithiothreitol (DTT), and acetonitrile were procured
from Sigma-Aldrich (Bornem, Belgium), trifluoroacetic acid (TFA) and absolute ethanol
(99.8% v/v) from Thermo Fisher Scientific (Aalst, Belgium), and sodium chloride and
urea from VWR International (Oud-Heverlee, Belgium). All chemicals were at least of
analytical grade.

2.2. Sample Set

Wheat (Triticum aestivum L., Poaceae) of three cultivars (Claire (Cl), Apache (Ap),
Akteur (Akt)) was cultivated at the experimental site Brakumdreef (Lubbeek, Belgium).
Each cultivar was cultivated without (0 kg N ha−1) or with N-fertilization (a total amount
of 300 kg N ha−1). The N, which was applied in solid form as calcium ammonium nitrate
(27% N), was equally distributed over tillering and the beginning of stem elongation. All
information regarding the cultivation of the wheat is described in Hermans et al. [7]. The
wheat was harvested in August 2017 and subsequently cleaned to remove impurities such
as stones and residual husks.

These three wheat cultivars were chosen because they differ in protein characteristics
and, therefore, suitability for bread making. Claire is a class C cultivar, which is considered
unsuitable for bread making. Apache is a class B cultivar suitable for bread making when
mixed with higher classes. Akteur is classified in class E, the most suitable for bread making.
Moreover, for the six wheat samples used in this study, the gradient in protein content
within the starchy endosperm has been determined by Hermans et al. [7]. Finally, the
difference in protein composition between the sub-aleurone and inner endosperm of Akteur,
grown at 300 kg N ha−1, was studied by Hermans et al. [9] using laser microdissection and
nanoLC-MS/MS.

2.3. Wheat Milling

Wheat kernels were milled using a Bühler MLU-202 laboratory mill (Bühler group,
Uzwil, Switzerland) [21]. Kernels of the cultivars Akteur and Apache were tempered to
a moisture content of 16.5%, whereas kernels of the cultivar Claire were tempered to a
moisture content of 16.0%. A schematic representation of the Bühler MLU-202 laboratory
mill is given in Figure S1 (Supplementary Materials). The mill produces six flour fractions,
a miller’s bran fraction, and a shorts fraction. The first pair of break rolls exert a shearing
action to open the kernels and separate inner endosperm portions from the remainder of
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the kernel rather than crushing them. Subsequently, the second and third pair of break rolls
scrape off the bran particles to remove the adhering starchy endosperm [11]. After each
pair of break rolls, there is a set of sieves, eventually leading to three break flour fractions
(BFs). BF1 only passed the first pair of break rolls, while BF3 passed all three pairs of break
rolls. Miller’s bran particles are sieved out (>530 μm) after the third set of break rolls. The
gaps between the first, second, and third pair of break rolls were set at 0.35 mm, 0.18 mm,
and 0.07 mm, respectively. Particles that are too large to end up in the BFs (>150 μm) but
do not end up in the miller’s bran fraction are sent to three pairs of smooth reduction rolls,
which, after sieving, lead to three reduction flour fractions (RFs). The shorts are sieved out
after the third pair of reduction rolls. The gaps between the first, second, and third pair of
reduction rolls were set at 0.08 mm, 0.06 mm, and 0.04 mm, respectively. All milling trials
were performed in duplicate. After the determination of the yields, the duplicate fractions
were mixed.

2.4. Chemical Analysis

The protein content of the kernels and mill fractions was determined according to
an adaptation of the AOAC Official Method 990-03 (AOAC International, 1995) to an
automated micro-DUMAS protein analysis system (Vario Max Cube, Elementar, Hanau,
Germany). The number 5.70 was chosen as the N-to-protein conversion factor for all
samples (kernels, flour, and miller’s bran). That choice disregards small differences that
could derive from the milling fractions exhibiting variations in protein composition due
to differences in their starchy endo-sperm protein-to-aleurone and botanical bran protein
ratios, but also due to differences in cultivar, level of N-fertilization, and the part of the
starchy endosperm from which they originate. For the kernels, shorts fractions, and
miller’s bran fractions, the N determination was preceded by a milling step with a CryoMill
(RETSCH, Haan, Germany; grinding mode: dry at room temperature) to obtain a fine,
homogeneous sample because only 1 mg of sample is needed for the micro-DUMAS system.
The ash content was determined following an adaptation of the AACC International method
08-01.01 (AACC International, 1999) [22]. The moisture content was determined according
to the AACC International method 44-15-02 (AACC International, 1999). The ash and
moisture content measurements were performed in triplicate. The protein content was
analyzed in duplicate at least.

2.5. Light Microscopy

Mill streams were embedded in Historesin, as described by Dornez et al. [23]. Cross
sections of 1 μm thickness were prepared with a rotary microtome HM355 (MicromLaberg-
erate GmbH, Walldorf, Germany). These sections were transferred to microscopy slides
(Thermo Scientific Cel-line, SSG Braunschweig, Germany), and proteins were stained with
0.1% (w/v) Naphthol Blue Black in 7% (v/v) acetic acid in water for 2 min. Finally, bright-
field images were captured at 100× magnification with a Nikon Eclipse 80i microscope
(Nikon Inc., New York, NY, USA).

2.6. Modified Osborne Fractionation and Analytical RP-HPLC

Wheat proteins were separated into albumins and globulins, gliadins, and glutenins
using a modified Osborne fractionation. Afterward, RP-HPLC was performed to determine
the relative amounts of these fractions and the relative amounts of different gluten types
(ω-, α- and γ-gliadins, D-low-molecular-weight glutenin subunits (LMW-GS) (sulfur-poor),
B/C-LMW-GS (sulfur-rich) and HMW-GS) [18,24,25]. Albumins and globulins were sepa-
rated, starting from an amount of sample corresponding to 100 mg protein, by conducting
two sequential extractions with a 3.0 mL salt solution (sodium phosphate buffer in water
(0.05 M; pH 7.6) with 0.4 M NaCl) and a third extraction with 3.0 mL water. Each extraction
(10 min) was followed by a centrifugation step (10 min, 4500× g). The three supernatants
were combined, diluted to 10 mL with the extraction buffer, and filtered (0.45 mm). Gliadins
were extracted from the remaining pellet by performing three sequential extractions with
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ethanol/water (60/40, v/v) according to the same procedure. Subsequently, glutenins were
extracted similarly using 50% aqueous 1-propanol containing Tris-HCl (0.05 M, pH 7.5),
urea (2 M), and 1% DTT at 60 ◦C for 20 min under a nitrogen atmosphere. All extracts were
loaded (2 μL) on an Aeris C18 column (3.6 μm, 150 × 2.1 mm, Phenomenex, Torrance, CA,
USA) using an HPLC system (Shimadzu, Kyoto, Japan) consisting of an LC-20AT pump,
a DGU-20A5 degasser, a SIL-20ACHT autosampler, a CTO-20AC column oven, and an
SPD-10AVP UV/VIS detector. The oven was set at 60 ◦C and UV/VIS detector at 214 nm.
The mobile phases MilliQ (Milli-Q Plus, Merck Millipore, Darmstadt, Germany) water (A)
and acetonitrile containing 0.1% (v/v) TFA (B) were used at a flow rate of 0.3 mL/min,
following a linear gradient from 24% B to 90% B in 70 min. The proportions of albumins
and globulins, gliadins, and glutenins were calculated from their respective area compared
to the total area of all protein fractions. The proportion of gluten types, ω-, α- and γ-
gliadins, HMW-GS, and LMW- GS were deduced from the corresponding areas relative to
the total area of the gliadin or glutenin fraction. Examples of the chromatograms obtained
by modified Osborne fractionation and RP-HPLC are given in Figure S2 (Supplementary
Materials). Samples were analyzed in triplicate.

2.7. Statistical Analysis

A Tukey’s honest significant difference (HSD) test was applied to detect statistically
significant differences between means. Principal component analysis (PCA) was performed
to transform a high-dimensional dataset into a new coordinate system. Regression models
were fitted using the standard least squares method. The effects (main, two-way interaction,
and quadratic effects) included in the models were determined using backward elimination
and F-tests. The significance level was set at 5%. The coefficients of determination (R2

and R2
adjusted (R2

adj)) of the predicted models were calculated. The statistical analysis was
performed using JMP Pro 17.0.0 software (SAS Institute, Cary, NC, USA).

3. Results and Discussion

3.1. Effect of Kernel Protein Content on the Wheat Milling Yields

The cultivar and level of N-fertilization are the major factors determining the protein
characteristics of wheat. Hence, we chose to work with three cultivars from different baking
classes, each grown at 0 and 300 kg N ha−1. The high variability in protein characteristics is
already reflected in the kernel protein content, which varies from 7.2% to 14.2% (Figure S3
(Supplementary Materials)). The cultivar Claire has the lowest protein content, while
Akteur has the highest. This was expected as Claire was chosen because of its low suitability
and Akteur for its high suitability for bread making. Note that the differences between
cultivars increase if N-fertilization is applied, confirming their different N-use efficiency.

The wheat kernels of the cultivars Claire, Apache, and Akteur, each cultivated at
0 and 300 kg N ha−1, were milled using a laboratory roller mill. The mill produces six flour
fractions, a miller’s bran fraction, and a shorts fraction. The six flour fractions include three
BFs and three RFs. The yields of these eight fractions are displayed in Table 1. The flour
yields vary from 62.8% to 69.5%. As expected, these are significantly lower than the 72%
to 80% yield achieved by industrial millers [4,11]. However, the kernel protein content
appears to determine the milling behavior of the kernels. To establish the relationships
between the kernel protein content and milling yields, a PCA was performed (Figure 1).
In a PCA loading plot, positive relations between variables are indicated by arrows in the
same direction, and inverse relations by opposing arrows (Figure 1B). The total flour and
miller’s bran yield (varying from 26.8% to 32.3%) are not significantly correlated with the
kernel protein content. The yield of the three break fractions combined (BFtotal), varying
from 20.3% to 34.6%, is inversely correlated with the kernel protein content (R2 = 0.96).
This means that 96% of the variation in the BFtotal yield can be explained by the variation
in kernel protein content, and more specifically, the yield of BFtotal decreases by 2.1% for
each 1% increase in kernel protein content. The variation in BFtotal yield is mainly caused
by the variation in BF1 yield (Figure 1B). The yields of the reduction fractions combined
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(RFtotal) (varying from 33.5% to 48.6%) and the shorts fractions (varying from 1.8% to 4.5%)
are positively correlated with the kernel protein content, having an R2 of 0.84 and 0.75,
respectively. Hence, higher protein contents seem to make the starchy endosperm harder.
If the starchy endosperm, separated from the bran by the corrugated break rolls, is harder
to reduce in particle size, there will be more large particles. As these cannot pass the
sieves leading to the BFs, the yield of the BFs decreases, and more material is transferred to
the reduction rolls, increasing the yields of the RFs. Additionally, the yields of the shorts
increase because the material transferred to the reduction rolls is harder to reduce in particle
size. Hourston et al. [26] and Kent [27] previously addressed the relationship between
starchy endosperm hardness and protein content.

Table 1. Wheat milling yields of the cultivars Claire (Cl), Apache (Ap), and Akteur (Akt), grown at
0 or 300 kg N ha−1 addition levels. BF: break fraction, RF: reduction fraction. Labeling with different
letters points out significant differences (Tukey’s HSD test, p ≤ 0.05) between the milling yields of
different wheat samples.

Mill Fraction
Yield (%)

Cl0 Cl300 Ap0 Ap300 Akt0 Akt300

Flour 66.7 ± 1.7 AB 62.8 ± 1.7 B 68.3 ± 0.2 A 69.5 ± 0.4 A 69.5 ± 0.0 A 69.0 ± 0.4 A

BFtotal 33.1 ± 1.5 A 24.7 ± 0.4 B 34.4 ± 1.1 A 22.2 ± 0.4 BC 34.6 ± 0.1 A 20.3 ± 0.1 C

BF1 22.0 ± 1.7 A 14.4 ± 0.1 B 24.4 ± 0.9 A 14.0 ± 0.4 B 25.1 ± 0.3 A 12.8 ± 0.1 B

BF2 6.7 ± 0.6 A 5.9 ± 0.1 AB 6.0 ± 0.1 AB 5.1 ± 0.1 BC 5.6 ± 0.2 ABC 4.7 ± 0.1 C

BF3 4.5 ± 0.4 A 4.5 ± 0.2 A 4.1 ± 0.1 A 3.1 ± 0.0 B 3.9 ± 0.0 A 2.9 ± 0.2 B

RFtotal 33.5 ± 0.2 C 38.6 ± 2.0 B 33.9 ± 1.2 C 47.3 ± 0.0 A 34.9 ± 0.2 BC 48.6 ± 0.5 A

RF1 26.4 ± 3.1 D 33.0 ± 1.3 BC 29.8 ± 0.8 CD 38.0 ± 1.0 AB 29.3 ± 0.4 CD 39.3 ± 0.3 A

RF2 6.4 ± 2.6 A 5.0 ± 0.7 A 3.6 ± 0.5 A 8.0 ± 0.4 A 4.7 ± 0.6 A 8.0 ± 0.1 A

RF3 0.8 ± 0.3 A 0.5 ± 0.0 A 0.5 ± 0.0 A 1.3 ± 0.6 A 0.9 ± 0.0 A 1.3 ± 0.2 A

Miller’s bran 31.5 ± 2.1 AB 32.3 ± 0.3 A 29.5 ± 0.4 ABC 26.7 ± 1.0 C 28.0 ± 0.2 BC 26.8 ± 0.5 C

Shorts 1.8 ± 0.5 B 4.5 ± 1.4 A 2.2 ± 0.3 AB 3.8 ± 0.6 AB 2.5 ± 0.1 AB 4.2 ± 0.1 AB

Figure 1. Principal component analysis (A) score and (B) loading plot of the kernel protein content
and milling yields. BF: break fraction, RF: reduction fraction. Principle component 1 explains 70.5%
of the variability and principle component 2 22.8%. Orange: Claire, Green: Apache, Blue: Akteur.
�: 0 kg N ha−1, •: 300 kg N ha−1.
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3.2. How Is the Protein Gradient within the Starchy Endosperm Reflected in the Mill Streams?

The protein contents of the eight mill streams of the three cultivars, grown without
and with N-fertilization (300 kg N ha−1), are displayed in Figure 2. If no N-fertilization is
applied, an increase in protein content is observed from BF1 to BF3, on the one hand, and
RF1 to RF3, on the other hand. Both increases are of comparable magnitude. For example,
for Cl0, the protein content rises 1.3% (or a relative increase of 23.5%) in the BFs, while
2.0% (or a relative increase of 32.8%) in the RFs. This is very interesting as in the absence
of N-fertilization, Claire, Apache, and Akteur exhibit very similar and gentle gradients in
protein content [7]. From the inner endosperm to the sub-aleurone, the protein content of
Cl0 increased from 6.3 ± 1.0% to 14.0 ± 3.7%, of Ap0 from 6.7 ± 0.7% to 18.2 ± 3.8% and of
Akt0 from 5.9 ± 1.0% to 19.1 ± 4.5% [7].

If N-fertilization (300 kg N ha−1) is applied, the gradients in protein content within
the starchy endosperm are notably steeper and also differ between the cultivars, with
Akteur having the steepest gradient [7]. From the inner endosperm to the sub-aleurone,
the protein content of Akt300 increased from 9.8 ± 1.6% to 31.7 ± 3.3%, compared to 8.7
± 0.4% to 24.4 ± 2.3% for Cl300 [7]. Analyzing the mill streams when N-fertilization is
applied, similar to when no N-fertilization is applied, an increase in protein content is
also observed across both the BFs and RFs. However, in this case, the increase in the
protein content in the BFs is substantially higher than in the RFs. For example, for Akt300,
the protein content in the BFs rises by 5.2% (or a relative increase of 42.0%), whereas
in the RFs, it increases by only 1.7% (or a relative increase of 13.6%). In addition, we
observed that, with N-fertilization, the increases in protein content in the RFs are lower
or comparable to the increases in protein content across the RFs without N-fertilization.
Hence, these increases in the reduction fractions are independent of the gradient in protein
content and are hypothesized to be solely the result of protein-rich material being harder
to reduce in particle size. The rise in protein content in the BFs is significantly higher
for the 300 kg N ha−1 samples compared to the samples without N-fertilization, with
the rise being the lowest for Cl300 and highest for Akt300. This is highly comparable
with their gradients in protein content [7]. Given the mechanism of action of the break
rolls, this is a strong indication that the gradient in protein content is reflected in the BFs.
However, the increasing protein content in the BFs could also be caused by increasing
levels of contamination with aleurone, which contains approximately 30% protein [28].
Given the aleurone’s high ash 315 content of approximately 12%, ash content can be used
as a marker for aleurone contamination [29,30]. The ash contents of the mill fractions are
displayed in Figure 3. As expected, the miller’s bran and shorts fractions, which contain
elevated aleurone levels, exhibit significantly greater ash content than the flour fractions.
Across the RFs, the ash content increases significantly for each of the six samples. This
indicates that the rises in protein content in the RFs do not solely stem from the protein-rich
material being harder to reduce in particle size but also from increased levels of aleurone
contamination. Except for Cl300, none of the samples show a significant increase in ash
content across the BFs. The values of 0.4 to 0.6% are also representative of commercial
flours. This demonstrates that the increase in protein content in the BFs is not caused by
increasing levels of aleurone contamination and, therefore, confirms our hypothesis that
the gradient in protein content is reflected in the BFs.
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This is also demonstrated by microscopy. In Figure 4, microscopy images of the
eight mill fractions of Akt300 are shown. Proteins are stained blue with Naphthol Blue
Black. In the BFs and RFs, one can observe the typical starchy endosperm material, high
in starch granules, embedded in a protein matrix. Compared to the other flour fractions,
BF3 also contains a notable amount of large protein aggregates. These are characteristic
of the subaleurone cells, lying at the periphery of the starchy endosperm. However, the
significant amount of sub-aleurone material still present in the miller’s bran fraction shows
the incomplete recovery of the starchy endosperm in the flour fractions. This is also
revealed by analyzing the obtained flour yields, ranging from 62.8% to 69.5% (Table 1),
because the starchy endosperm constitutes 80–84% of a wheat grain [2,3]. This means that
only a part of the periphery of the starchy endosperm is recovered in the flour fractions,
mainly in BF3, and the remaining part remains attached to the bran. This, together with the
high protein content of the aleurone, also explains why the miller’s bran fraction has the
highest protein content of all the mill fractions (Figure 2). Between samples, the miller’s
bran protein content follows a similar trend as the kernel protein content. For the shorts,
no clear cultivar-dependent effects can be distinguished.

To conclude, there are strong indications suggesting that BF1 is enriched in the inner
endosperm, BF2 in the more distant starchy endosperm, and BF3 in the peripheral starchy
endosperm. However, it is not possible to precisely delineate the specific starchy endosperm
region to which each BF corresponds, and there is likely an overlap between the starchy
endosperm regions present in the three BFs. Furthermore, a part of the sub-aleurone
remains adhered to the miller’s bran fraction, preventing it from being included in BF3.

This reflection of the gradient in protein content in the BFs provides opportunities.
The BFs obtained in this study could be used to gain insight into the gradient in protein
composition and its dependence on cultivar and level of N-fertilization. However, there
are some limitations. The incomplete recovery of the starchy endosperm, coupled with
the vague and intertwined boundaries of the starchy endosperm regions corresponding
to each BF, leads to an underestimation of the gradient in protein content within the
starchy endosperm. This is shown by comparing the gradient in protein content of Akt300,
measured in detail by Hermans et al., to the rise in protein content in the BFs, which,
respectively, increase from 9.8 to 31.7% [7] and 12.4 to 17.6% (Figure 3). Consequently, this
will similarly affect the estimation of the gradient in protein composition.

3.3. Analysis of the Protein Composition Gradient within the Starchy Endosperm Using the
Break Fractions

The protein composition of the BFs of the cultivars Claire, Apache, and Akteur, grown
with and without N-fertilization (300 kg N ha−1), is shown in Table 2. Over the different
BFs, cultivars, and N-fertilization levels, the relative gluten content varies from 76.61%
to 87.29%. Statistical modeling revealed that the factors ‘break fraction’, ‘cultivar’, and
‘N-fertilization’, as well as their interactions, significantly affect the relative gluten content
(R2

adj = 0.95). A visual representation of the estimated model is given in Figure S4A
(Supplementary Materials). Here, the parameter estimates are presented in descending
order of absolute value, from highest to lowest. The relative gluten content is the lowest
for the cultivar Claire and the highest for Akteur, and for each cultivar, N-fertilization
increases the relative gluten content. Akteur, having the highest relative gluten content,
reaffirms its high suitability for baking purposes. Furthermore, the relative gluten content
significantly increases from BF1 to BF3, and hence, from the inner to outer endosperm,
across all cultivars at each level of N-fertilization, except for Cl300 (Table 2). This confirms
the results of Hermans et al. [9] and also of Simmons and Sutton [15] and Wang et al. [16].
For Akt300, the relative gluten content even increased to 87.29% in BF3 (Table 2), but,
taking into account the underestimation (described in Section 3.2), this is expected to be
substantially higher in the sub-aleurone cells.
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Figure 4. Microscopy images of the mill streams of Akteur, grown at 300 kg/ha, in which proteins
are stained with Naphthol Blue Black. BF: break fraction, RF: reduction fraction.
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The increase in relative gluten content throughout the BFs, and hence, from the inner
to outer endosperm, appears to be independent of the cultivar but is affected by the level
of N-fertilization. The increase in relative gluten content throughout the BFs is of a higher
magnitude without N-fertilization compared to with N-fertilization. This was according
to expectations because a basic machinery, i.e., a basic set of albumins and globulins, is
hypothesized to be present throughout the entire starchy endosperm [9]. In other words,
once the basic set of albumins and globulins is built up, the excess of N is predominantly
accumulated as gluten proteins. For example, for Akt0, BF1 and BF3 have a protein content
of 6.07% and 8.29%, respectively. In BF1, the absolute gluten content (percentage of gluten
proteins on total dry weight) is 4.76%, and the non-gluten protein content is 1.30%, while
for BF3, those are 6.81% and 1.48%, respectively. Hence, the difference in absolute gluten
content between BF1 and BF3 is 2.05%, whereas it is only 0.17% in non-gluten protein
content. This shows that the 2.22% extra accumulated proteins in BF3 compared to BF1 are
almost all gluten proteins, which confirms the hypothesis that once the basic set of albumins
and globulins is built up, the excess of N is predominantly accumulated as gluten proteins.
Increasing the level of N-fertilization will, therefore, mainly lead to additional accumulation
of gluten proteins in both the inner and outer endosperm. This will level out the gradient
in relative gluten content as in the inner endosperm, with the lower relative gluten content,
there is more potential for an increase compared to the outer endosperm with the higher
initial relative gluten content. Assuming that increasing the level of N-fertilization from
0 to 300 kg N ha−1 only leads to extra accumulation of proteins, we can calculate that
89.5%, 89.8%, and 91.0% of the extra accumulated proteins are gluten in BF1, BF2, and
BF3 of Akteur, respectively. Considering that this study provides underestimations of
the magnitudes of the gradients in protein composition, we can hypothesize that, for
the subaleurone cells, more than 91.0% of the proteins additionally accumulated due to
N-fertilization are gluten proteins. Taking this further, one could expect that the additional
protein accumulation in the sub-aleurone, going from a high level of N-fertilization, e.g.,
150 kg N/ha, to an even higher level, e.g., 300 kg N/ha, is almost purely due to the
additional accumulation of gluten proteins for the cultivar Akteur. Important to note here
is that not only relatively speaking, more gluten proteins are being accumulated in the outer
endosperm due to higher levels of N-fertilization, but also in absolute numbers. All this
confirms the hypothesis that the sub-aleurone cells act as storage facilities for “excess” N.

Regarding gluten composition, Table 2 shows that the three cultivars vary in their pro-
portion of gluten types. Claire exhibits a relatively high amount of γ-gliadins, whereas Ak-
teur is characterized by a high proportion of HMW-GS. Consequently, the LMW-GS/HMW-
GS ratio is the lowest for the cultivar Akteur. The gliadin-over-glutenin (GLIA/GLU) ratio,
on the other hand, decreases from Claire, over Apache, to Akteur (Table 2, Figure S4B
(Supplementary Materials)). For both bread-making indicators, the LMW-GS/HMW-GS
and GLIA/GLU ratio, low values are desired, and this once again highlights the high
baking quality of the cultivar Akteur. Note that for GLIA/GLU and LMW-GS/HMW-GS,
‘cultivar’ is the most determining factor, while for the relative gluten content, ‘break fraction’
is (Figure S4B (Supplementary Materials)). In general, the effect of N-fertilization seems
to be dependent on the cultivar. However, more N-fertilization consistently results in a
higher proportion of ω-gliadin and a decrease in the LMW-GS/HMW-GS ratio (Figure S4C
(Supplementary Materials)).

From BF1 over BF2 to BF3, the trends in gluten composition appear to depend on the
cultivar–N-fertilization combination. However, some general trends can be observed. In
the absence of N-fertilization, there is a trend of increasing ω- and γ-gliadin and decreasing
B/C-LMW-GS and HMW-GS proportions from BF1 to BF3, and therefore, from the inner
to outer endosperm (Table 2). As a result, the GLIA/GLU ratio significantly increased
from BF1 to BF3 for Cl0 and Ap0. This can also be observed in Figure S4B (Supplementary
Materials), displaying a visual representation of the model estimating the GLIA/GLU ratio
in function of the cultivar, level of N-fertilization, and BF (R2

adj = 0.89). The decrease in
the proportion of HMW-GS from the inner to outer endosperm was also reported by He
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et al. [8] at low N levels (100 kg N ha−1) and Tosi et al. [6]. The increase in the proportion
of ω-gliadin was only observed at 350 kg N ha−1 by He et al. [8]. He et al. [8] did not
individually quantify the proportions of α-gliadin, γ-gliadin, and LMW-GS. At 300 kg N
ha−1, no consistent trends were observed. The gradient in proportion of certain gluten
types decreased, increased, or remained constant depending on the cultivar. He et al. [8]
conducted similar observations for the proportion of LMW-GS and gliadins combined and
HMW-GS at 350 kg N ha−1 of N-fertilization. Therefore, it seems that different cultivars
exhibit similar gradients in gluten composition in the absence of N-fertilization, while there
is more variation at high levels of N-fertilization. This may partially explain the (seemingly)
contradictory literature on the gradient in gluten composition.

Finally, in the current study, the differences in gluten composition between the inner
endosperm and sub-aleurone, as observed in Akt300 by Hermans et al. [9] through the
utilization of cryosectioning and nanoLC-MS/MS, did not manifest between BF1 (enriched
in inner endosperm) and BF3 (enriched in peripheral endosperm). Hermans et al. [9]
demonstrated that gluten of the sub-aleurone contains a higher proportion of ω-gliadins
but a lower proportion of LMW-GS and γ-gliadins compared to the inner endosperm. The
inability to detect this here may be attributed to two factors: firstly, analyzing the BFs
provides an underestimation of the actual gradients (described in Section 3.2), and secondly,
this study analyzes gluten proteins differently. The current study classifies gluten proteins
according to extractability and hydrophobicity into gluten types like γ-gliadins, HMW-GS,
etc., while Hermans et al. [9] use protein sequences for classification into gluten types.
These methods do not lead to perfect one-to-one matches [31].

3.4. Relevance of Sub-Aleurone in the Milling Industry

Knowledge of how the protein gradient within the starchy endosperm is reflected in
the mill streams can be very relevant for the milling industry and lead to new opportunities.
From previous research, we know that for Cl0, the protein content increased from about
6.3% in the inner endosperm to 14.0% in the sub-aleurone. For Akt300, this rise was from
about 9.8% to 31.7% [7]. Integrating this with the current study on the composition of mill
streams can lead to new insights. Making the conservative assumption that the relative
gluten content of BF1 corresponds to that of the inner endosperm and that of BF3 to that
of the sub-aleurone, the relative gluten content increases from 76.6% to 81.2% across the
starchy endosperm of Cl0 and from 84.5% to 87.3% for Akt300 (Table 2). Combining the
results on the gradient in protein content and protein composition, the absolute gluten
content (relative to total dry weight) increases from 4.8% in the inner endosperm to 11.4%
in the sub-aleurone for Cl0 and 8.3% to 27.7% for Akt300. While this is an underestimation,
it demonstrates the enormous potential of the sub-aleurone as a gluten source. Given the
dependence of both the gradient in protein content and protein composition on the wheat
cultivar and level of N-fertilization, even higher values are possible for other cultivar-N-
fertilization combinations. However, knowing that in this study, BF3 of Akt300 contains
17.6% protein, of which 87.3% gluten proteins, we can hypothesize that at least 1 of the
more than 50 flour streams of an industrial mill contains more than 20% protein of which
more than 90% is gluten, due to the presence of sub-aleurone material. This fraction(s)
could be used in specialized flours.

Due to the trend towards less N-fertilization (imposed by governments), the produc-
tion of functional ingredients from low-quality raw materials is an immense challenge.
However, this study shows that we can lower the level of N-fertilization while maintaining
a high protein content and favorable protein composition just by selecting mill streams.
For example, when lowering the level of N-fertilization, and hence, also the quality of the
wheat, the high-protein flour streams could be collected to produce flour for bread making,
whereas the flour streams with a lower protein content are well-suited for the production
of, e.g., cookies, cakes, and coatings. This can be one of the components contributing to the
transition to reduced N-fertilization, along with increasing wheat’s nitrogen use efficiency
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(NUE) through breeding, soil health management, implementing precision agriculture
practices, etc.

Industrial mills never achieve full recovery of the starchy endosperm. This means
that at least some sub-aleurone material, which is the part of the kernel that is most
enriched in gluten, remains adhered to the miller’s bran. Despite this, most miller’s bran
(about 90%) ends up in animal feed [32]. This creates big opportunities. Nowadays,
there is no selection procedure prior to using miller’s bran for whole-meal bread making.
Hence, one opportunity lies in selecting miller’s bran based on its sub-aleurone protein
properties before its incorporation into whole-meal products like bread. We hypothesize
that, for example, Akt300 bran will perform better in whole-meal bread making than Cl0
bran. Additionally, further research is required to explore the separation of sub-aleurone
material adhered to the bran from the bran itself. This is in line with the goal of promoting
sustainable N management, where both increasing wheat’s NUE and incorporating protein
from side streams into human food are crucial. Both are essential for alleviating the
environmental impact of N-fertilization. Finally, while this study provides insight into the
effect of cultivar (genetics) and N-fertilization (element of environment) on the gradient in
protein composition, more research is needed to map the impact of environmental factors.

4. Conclusions

This study is the first to systematically investigate how the protein gradient within the
starchy endosperm, influenced by cultivar and N-fertilization, translates into the protein
content and composition of mill fractions. Both within the BFs and RFs, an increase in
protein content was observed. The increase in protein content within the RFs could be
attributed to increased levels of aleurone contamination and protein-rich material being
harder to reduce in particle size. The rise in protein content within the BFs was shown to be
a reflection of the gradient in protein content within the starchy endosperm. This implies
that BF1 is enriched in the inner endosperm, BF2 in the more distant starchy endosperm,
and BF3 in the peripheral starchy endosperm. Additionally, the miller’s bran fraction
contained a significant amount of peripheral starchy endosperm (sub-aleurone). Using
the BFs, this is the first study that was able to investigate the magnitude of the gradient in
relative gluten content within the starchy endosperm and how this is affected by cultivar
and N-fertilization level. The gradient in relative gluten content, increasing from the inner
to outer endosperm (up to 87.3%), was more pronounced without N-fertilization than with
N-fertilization. Since 87.3% is an underestimation of the actual relative gluten content
in the sub-aleurone, this confirms the hypothesis that the sub-aleurone cells are storage
facilities for gluten proteins. Regarding the gradient in gluten composition, without N-
fertilization, higher ω- and γ-gliadin proportions and lower B/C-LMW-GS and HMW-GS
proportions were observed in the outer than inner endosperm. With N-fertilization, no
consistent trends were observed over the different cultivars. This could, at least partly,
explain why there is no consensus on the gradient in gluten composition in the literature.
Knowledge of the reflection of the protein gradient in the mill streams can be highly
valuable for the milling industry. It will aid in comprehending and managing fluctuations
in the functionality of specific flour streams, producing specialized flours, coping with
low-quality raw materials, and upcycling side streams. This study, along with research on
enhancing wheat’s NUE, contributes to a more efficient utilization of N fertilizer. Finally,
further research is necessary to understand how environmental factors influence protein
gradients and, hence, the composition in mill streams.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/foods12234192/s1, Figure S1: Schematic representation
of the Bühler MLU-202 laboratory mill. First, three pairs of corrugated break rolls break up the
kernels and scrape off the resulting bran particles to remove the adhering starchy endosperm. Second,
three pairs of smooth reduction rollers reduce the particle size of the starchy endosperm particles
not ending up in the break fractions. BR: break fraction, RF: reduction fraction.; Figure S2: Chro-
matograms of (A) albumins and globulins, (B) gliadins, and (C) glutenins separated by modified
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Osborne fractionation from the first break fraction of Akteur grown at 300 kg N ha−1 and analyzed
using RP-HPLC. HMW-GS: high molecular weight glutenin subunits, LMW-GS: low molecular
weight glutenin subunits.; Figure S3: Wheat kernel protein content on dry base of the cultivars Claire
(Cl), Apache (Ap), and Akteur (Akt), grown at 0 or 300 kg N ha−1. Different letters indicate significant
differences.; Figure S4: Visual representations of models estimating (A) the relative gluten content,
(B) GLIA/GLU ratio, and (C) the LMW-GS/HMW-GS ratio in function of the level of N-fertilization,
the wheat cultivar and mill fraction. Abbreviations: Cl: Claire, Ap: Apache, Akt: Akteur, GLIA:
gliadin, GLU: glutenin, HMW-GS: high molecular weight glutenin subunits, LMW-GS: low molecular
weight glutenin subunits, BF: break fraction.
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Abstract: The moisture sorption, rheological, and glass transition properties of puffed
cereals, such as brown rice, barley, adlay, and amaranth, were assessed. The puffed cereals
were stored in desiccators until their moisture content reached equilibrium. Moisture
sorption isotherms were measured, and monomolecular adsorption moisture content
was calculated through Brunauer−Emmett−Teller (BET) analysis. The glass transition
temperature (Tg) was determined, and the internal structure was observed using a scanning
electron microscope. The rupture force and apparent elastic modulus of puffed cereals
decreased with increasing relative humidity (RH). The puffed cereals exhibited ductile
fracture ,when the moisture content was >8%. The Tg of puffed cereals with 8% moisture
content was approximately 40 ◦C. It was inferred that puffed cereals demonstrated a crispy
texture in the glassy state when stored at <40 ◦C, but transitioned to a rubbery state at
>40 ◦C, resulting in the loss of crispy texture.

Keywords: puff; cereal; moisture sorption; glass transition; rupture properties

1. Introduction

Because food is a multi-component system, microbial spoilage and deterioration owing
to reactions can occur during transportation and storage. Therefore, various attempts have
been made to protect food from deterioration. In food engineering, the development of
methods to reduce temperature and moisture and improve shelf life is vital [1].

The curve plotting the equilibrium moisture content against various relative humidi-
ties at a certain temperature is called a moisture sorption isotherm. It is useful for analyzing
storage and processing properties by predicting the moisture adsorption and drying of
foods in a certain environment. Additionally, they can be used to classify food groups
based on similarities in their behavior. Numerous foods are known to exhibit an inverted
S–shape moisture sorption isotherm.

By determining the monomolecular adsorption moisture content from the region of
strong moisture sorption that occurs at the rising edge of the moisture sorption isotherm
curve, it was observed that microbial growth was inhibited, enzymatic and browning
reactions were minimized, and numerous degradation reactions of food products were
inhibited [1–7]. Previous studies using moisture sorption isotherms include those that
examined the moisture sorption characteristics of biscuits [8] and wafers [9] and those that
examined the relationship between moisture sorption and texture characteristics of various
baked confections [10–17].

Foods 2025, 14, 189 https://doi.org/10.3390/foods14020189
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Additionally, numerous dried foods are in a glassy state, resulting in research on
quality control that considers glass transition [18,19]. The focus on glass transition stems
from its ability to explain the phenomena and rupture properties associated with food
deterioration and shelf life.

Previous studies have revealed the moisture sorption and plasticity in moisture-sorbed
snacks, corn cakes [20], and wafers [9] by exploring their glass transition points. However,
despite 30 years of research on glass transition in food, few studies have been conducted
on puffed cereals.

Therefore, this study aimed to clarify the moisture sorption and rheological properties
of puffed cereals by examining the effects of moisture absorption on their rupture properties.
This includes assessing alterations in the breaking behavior, monomolecular adsorption
moisture content, and glass transition point of the sorbed puffed cereals. These aspects are
characteristic of swollen foods.

2. Materials and Methods

2.1. Experimental Materials

Four types of cereals with characteristic nutritional functions and varying grain sizes
were selected as samples for various puffed cereals: brown rice (domestic), barley (Ameri-
can), adlay (Iwate), and amaranth (Iwate). The long and short diameters of the four types
of cereals (raw) are as follows. Brown rice: 4.88 mm, 2.85 mm; barley: 4.06 mm, 2.98 mm;
adlay: 5.15 mm, 4.72 mm; amaranth: 1.16 mm, 1.16 mm.

Of the four cereals, brown rice, adlay, and amaranth were purchased from the Japan
Millet Association, and barley was provided by Mitake Co. (Saitama, Japan). The cereals
were swelled at the Sekizawa Shouten Ltd. (Saitama, Japan) swelling and processing plant
in the presence of the authors.

The nutritional components of the four cereals in 100 g are shown in Table 1 [21].

Table 1. Nutritional composition of the four types of cereals.

Energy
(kcal)

Protein
(g)

Fat
(g)

Carbo-
Hydrate

(g)

Potassium
(mg)

Calcium
(mg)

Iron
(mg)

Dietary-
Fiber

(g)

Brown
rice 356 6.5 3.3 74.3 160 13 1 3.1

Barley 343 7 2.1 76.2 170 17 1.2 8.7
Adlay 360 13.3 1.3 72.2 85 6 0.4 0.6
Amaranth 358 12.7 6 64.9 600 160 9.4 7.4

2.2. Preparation of Puffed Cereals

The swelling of various cereals was investigated using a cereal puffing machine (Koyo
Machine Manufacturing Co., Ltd. Hiroshima, Japan). A pressure kiln was preheated to
230 ◦C, and 2 kg of grain was placed inside the kiln. The pressure was increased to 0.1, 0.7,
0.9, and 1.1 MPa and was reduced rapidly to induce swelling. Briefly, raw samples (grains)
were placed in a pressure kiln and heated at high pressure while rotating, and when a
certain pressure was reached, the valve of the pressure kiln was struck with a hammer,
the lid was opened, and the internal pressure was released at once. The samples swelled
while retaining the shape of the grain. The heating temperature was 240 ± 20 ◦C, and
the heating time was approximately 1 min for the 0.1 MPa treatment and 5–7 min for the
0.7–1.1 MPa treatment. The samples were stored in eight humidity-controlled containers
with relative humidity (RH) ranging from 6 to 94% for 5–12 days until their moisture
sorption reached equilibrium. The humidity control temperatures were 15 ◦C, 25 ◦C, and
35 ◦C. For humidity control, eight different saturated aqueous solutions of salts were used:
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lithium bromide for 6.0–6.9% RH; lithium chloride for 11.3% RH; magnesium chloride for
32.1–33.3% RH; potassium carbonate for 43.2% RH; sodium bromide for 54.6–60.7% RH;
sodium chloride for 74.9–75.6% RH; potassium chloride for 83.0–85.9% RH; and potassium
nitrate for 90.8–95.4% RH.

2.3. Measurement of Moisture Content and Equilibrium Moisture Content

The moisture content of the moisture-sorbed puffed cereals (1.5–3.0 g) was measured.
A moisture analyzer (MB45; OHAUS Co., Ltd. Tokyo, Japan) was used to measure the
moisture content. The samples were heated at 105 ◦C until the rate of weight change
reached 1 mg/120 s.

The equilibrium moisture content was calculated using the following equation:

Equilibrium moisture content (% dry basis [D.B.]) = {Weight at equilibrium
moisture sorption × Moisture content at moisture sorption equilibrium

/Weight at equilibrium moisture sorption × (1 − moisture content before
moisture sorption)}

(1)

2.4. Moisture Sorption Isotherm and Measurement of Monomolecular Adsorption
Moisture Content

In many foods, the moisture sorption isotherm exhibits an inverted S-shape. A typical
moisture sorption isotherm can be divided into three regions, as shown in Figure 1. In the
region with the lowest water activity, moisture molecules are adsorbed on the food surface,
forming a monomolecular layer. In this zone, moisture molecules are restricted, minimizing
physical and chemical alterations and significantly reducing the deterioration rate of the
food. Because the BET formula is often used to determine the monomolecular adsorption
moisture content, it was calculated by fitting the values of each moisture sorption isotherm
in the 5–35% RH range to the BET formula [4].

Figure 1. Moisture sorption isotherm divided into three regions.
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Monomolecular adsorption moisture content was calculated based on the parameter
analysis of the BET equation, as follows:

BET formula (Brunauer−Emmett−Teller)
A/(V(1 − A)) = (C − 1)/CVm·A + 1/(CVm)

(2)

A: Water activity of food sample
V: Moisture content of food sample (g/100 g dry matter)
Vm: Monomolecular adsorption moisture content (g/100 g dry matter)
C: Constant determined by the properties of the food sample and temperature
A/V(1 − A) = A·(C − 1)/C·Vm + 1/C·Vm
If A/V(1 − A) = y, A = x, (C − 1)/C·Vm = a, and 1/C·Vm = b
This can be expressed by the linear equation y = ax + b.
a = (C − 1)/C·Vm... Slope of the straight line
b = 1/(C − 1)...y–intercept
C = (b + a)/b
Vm = 1/(b + a)

Vm: monomolecular adsorption (g/100 g dry matter) was calculated
∗ The BET formula reportedly fits well in the 0.05–0.35 water activity range.

2.5. Rupture Properties of Puffed Cereals Following Moisture Sorption

The rupture properties of various moisture-sorbed puffed cereals were measured with
a rheometer (RE-3305; Yamaden Co., Tokyo, Japan) using the single-grain method [22,23].
An acrylic resin plunger with a diameter of 40 mm was used. The compression ratio
was 99%, and the compression speeds were 0.05, 0.1, 1, and 10 mm/s at the four levels.
The rupture force and apparent elastic modulus were calculated from the resulting force-
deformation curves. For the amaranth specimens, automatic creep meter analysis device
software Rupture Strength Analysis (HS Windows Ver. 2.5; BAS-3305H; Yamaden Co., Ltd.)
was used at a compression rate of 10 mm/s. The measurement temperature was 25 ◦C and
the measurements were taken three times.

2.6. Measurement of Glass Transition Temperature (Tg)

The Tg of the puffed cereals was measured using a differential scanning calorimeter
(Diamond DSC; Perkin Elmer Japan Co., Kanagawa, Japan). The samples were ground in a
mortar, and 7–42 mg in weight was placed in a large stainless steel pan. The measurement
temperature ranged from −50 ◦C to 100 ◦C, and the scan speed was 10 ◦C/min. Two scans
were obtained for each sample.

2.7. Observation of Tissue Structure

Various puffed cereals were sliced into approximately 1 mm–thick slices, and platinum–
palladium deposition was performed. The tissue structure was observed using a scan-
ning electron microscope (S-800; Hitachi, Ltd., Tokyo, Japan) [24] at 40×, 100×, and
500× magnifications.

2.8. Statistical Processing

SPSS (Ver. 25.0; IBM Japan, Ltd., Tokyo, Japan) was used for statistical processing and
analysis. Tukey’s multiple comparisons were performed after one-way analysis of variance
(ANOVA) to test variations in puffed cereals between samples. In all cases, a risk rate of
<5% was set as the significance level.
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3. Results and Discussion

3.1. Moisture Sorption Characteristics

Various types of puffed cereals were humidified, and their equilibrium moisture
content was determined. Subsequently, the moisture sorption isotherms for each cereal
puff were plotted, with RH on the horizontal axis and equilibrium moisture content on
the vertical axis (Figure 2). In this study, the majority of the moisture sorption isotherms
exhibited an inverted S-shape, except for a few isotherms.

Figure 2. Moisture sorption isotherms of each puffed cereal at 25 ◦C.

The moisture sorption isotherms of various puffed cereals at 0.1 MPa and amaranth
puffs at 0.7 MPa indicated that all samples exhibited moisture content < 3% D.B. at 15%
RH. None of the samples were swollen. However, the other swollen samples exhibited a
higher moisture content of approximately 6% D.B. at 15% RH. This indicates that moisture
sorption increases significantly in the region where the isotherm curve rises. Thus, it was
inferred that sorption was stronger in puffed cereals with advanced swelling.

Figure 3 shows the moisture sorption isotherms at different temperatures for various
puffed cereals swelled at 0.9 MPa. Up to 80% RH, there was no difference in moisture con-
tent between the puffed cereal samples. However, at 15 ◦C and approximately 90% RH, the
moisture content increased, specifically for barley and adlay, reaching approximately 32%
D.B. At 25 ◦C and 35 ◦C, the moisture contents of brown rice, barley, and adlay at approxi-
mately 90% RH were similar. Conversely, for amaranth, the moisture content increased
as the humidity conditioning temperature decreased (35 ◦C < 25 ◦C < 15 ◦C). This aligns
with the general inference that the moisture content decreases at higher temperatures [1],
likely owing to the temperature dependence of the adsorption potential function [2] and
alterations in intermolecular forces between the solid and the adsorbent.

138



Foods 2025, 14, 189

Figure 3. Moisture sorption isotherm of each puffed cereal of 0.9 MPa at 15 ◦C, 25 ◦C, and 35 ◦C.

3.2. Monomolecular Adsorption Moisture Content

The moisture sorption isotherms of various puffed cereals humidified at 15 ◦C, 25 ◦C,
and 35 ◦C exhibited an almost inverse S-shape.

Table 2 presents the results of the amount of monomolecular adsorption for all the
samples at 15 ◦C, 25 ◦C, and 35 ◦C. As shown, the monomolecular adsorption moisture
content of puffed cereals was approximately 10–18 g/100 g dry solid, which is higher
than that of the 3.7–4.7 g/100 g dry solid observed in similar dried foods, such as cookies,
biscuits, and snacks [25]. Foods with relatively similar values were 11 g/100 g dry solid
for stick agar and 14 g/100 g dry solid [25] for kanpyo. Wada et al. [25] studied the effect
of absorbed moisture on the textural properties of low-moisture foods and observed that
samples with high monomolecular adsorption had high starch content and low oil and
sugar content. In the present study, the results in Table 2 show that amaranth has the lowest
value at all temperatures. Looking at the nutritional compositions of the four types of
puffed cereals in Table 1, amaranth had the lowest value for carbohydrates and the highest
value for fat among the four species. This could be the reason for the lower monomolecular
adsorption of amaranth.

3.3. Rupture Properties of Puffs After Moisture Sorption (Rupture Force)

Figure 4 shows the relationship between the equilibrium moisture content and rupture
force of various puffed cereals swollen at 0.9 MPa. In all samples, the rupture force
increased to approximately 8% of the equilibrium moisture content. However, at higher
equilibrium moisture contents, the rupture force decreased as the equilibrium moisture
content increased. This aligns with numerous studies [10,20,25–33] that have demonstrated
that stress in moisture-sorbed foods increases or decreases with increasing equilibrium
moisture content. This is attributed to the fact that starch binds and becomes more viscous
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with moisture absorption, which increases its rupture properties. However, in the higher
humidity range, the adsorbed moisture molecules cause flow deformation, which reduces
the rupture properties [32]. In the present study, the reduction in the rupture force at high
equilibrium moisture content in the 15 ◦C humidity-controlled samples was attributed to
the moisture sorption isotherm (Figure 3). This demonstrates that the equilibrium moisture
content in all four types of puffed cereals was significantly higher at 15 ◦C humidity,
resulting in water acting as a plasticizer and causing flow deformation.

Table 2. Monomolecular adsorption moisture content of each puffed cereal [g water/100 g dry solid].

0.7 MPa 0.9 MPa 1.1 MPa

15 ◦C

Brown rice 14.6 17.3 16.6
Barley 14.7 16.3 17.2
Adley 15.6 15.3 15.8

Amaranth 14.4 14.6 13.6

25 ◦C

Brown rice 15.1 13.2 16.0
Barley 12.7 13.2 12.5
Adley 9.72 14.4 13.7

Amaranth 13.0 10.2 17.8

35 ◦C

Brown rice 12.3 16.8 13.6
Barley 16.5 14.5 13.9
Adley 16.1 16.2 13.2

Amaranth 10.6 12.7 13.8

Figure 4. Effect of equilibrium moisture content on the rupture force of four types of puffed cereals at
15 ◦C, 25 ◦C, and 35 ◦C.

The significantly increased rupture force of puffed brown rice at 15% equilibrium
moisture content was attributed to the shrinkage and tightening of the samples in the
rubbery state with water.
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The relationship between the amount of monomolecular adsorption and the rupture
force was also examined. The amount of monomolecular adsorption is obtained in the
0.05–0.35 water activity range, which is approximately 4–8% at equilibrium moisture
content. In Figure 4, the values of rupture force at 4–8% equilibrium moisture content are
approximately 8–20 N for brown rice and adlay, 18–40 N for barley, and 2–4 N for amaranth,
with amaranth having the lowest value. The values of monomolecular adsorption at
0.9 MPa in Table 2 show that amaranth has the lowest values at all temperatures (15 ◦C,
25 ◦C, and 35 ◦C).

Figure 5 shows the force-deformation curves of brown rice at 25 ◦C. The ductile
fracture was observed from RH 93.6, 57.6, 57.6, and 32.8% RH at 0.1, 0.7, 0.9, and 1.1 MPa
swelling, respectively. The dotted line represents the borderline between brittle and ductile
fractures, and the filled area represents the ductile fracture region. The higher the swelling
pressure, the lower the RH in the boundary region between the brittle and ductile fractures.
Similar trends were observed for the three types of puffed cereals, excluding brown rice;
therefore, the results for brown rice were considered representative.

 

Figure 5. Force-deformation curves of puffed brown rice at various relative humidity (RH).

Figure 6 shows the moisture sorption isotherms of the four types of puffed cereals. The
transition from brittle to ductile fracture is indicated by the moisture sorption isotherm, with
the circled region indicating the boundary. All the samples with swelling pressures between
0.7 and 1.1 MPa exhibit ductile fracture when the moisture content was approximately
>8%. This demonstrates that the crispiness of puffed cereals can be effectively assessed by
identifying the brittle to ductile transition in the fracture curve, which occurs at a moisture
content of 8%. In a previous study [34], at water contents higher than 8.5% for CCF
(commercial corn flakes), the compression curves showed fewer fluctuations, reflecting a
decrease in brittle fracture. Similarly, in the present study, the fracture curve changed from
brittle to ductile fracture at >8% moisture content.

The products produced by baking or extruder exhibit a water activity value of 0.5, or
an equilibrium moisture content of approximately 8–10%. Additionally, the critical moisture
content for crispiness was in the water activity value range of 0.45–0.55 [35]. In the present
study, samples other than amaranth with swelling pressures of 0.7–1.1 MPa exhibited
brittle fracture up to 43.2% RH and ductile fracture from 57.6%RH, similar to previous
studies. Amaranth was the only exception, with 0.7 MPa showing a brittle fracture up to
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57.6%RH and a ductile fracture from 75.3%RH. According to a previous study [36], the
0.7 MPa amaranth sample had a low swelling ratio of 1.13, which was close to that of
the raw sample. In other words, the 0.7 MPa amaranth sample with insufficient swelling
was considered to be in a glassy state, while the other samples with advanced swelling
absorbed water and became rubbery, and therefore, the brittle fracture zone of amaranth
was under 75.3%RH.

This indicates that the crispiness of puffed cereals can be assessed effectively by the
brittle and ductile fractures in the force-deformation curve, with brittle fractures transition-
ing to ductile fractures beyond 8% moisture content.

Figure 6. Effect of relative humidity on the equilibrium moisture content of four types of puffed
cereals at 25 ◦C.

3.4. Microstructure of Puffed Cereals

Figure 7 shows cross-sectional photographs of the internal microstructure of various
puffed cereals at 90.8–95.4% RH humidification. Numerous large pores were observed in
brown rice, barley, and adlay at 25 ◦C and 35 ◦C humidification, whereas smaller pores were
observed at 15 ◦C humidification. In amaranth, the pores became smaller with decreasing
temperature (35 ◦C > 25 ◦C > 15 ◦C).

Figure 3 shows that the equilibrium moisture content at 25 ◦C and 35 ◦C did not
increase with an increase in relative humidity, but the moisture content at 15 ◦C increased
significantly. This was thought to be due to the cell walls of the puffed cereals becoming
thicker and the pores becoming smaller as a result of water absorption. Conversely, the
equilibrium moisture content of the amaranth sample at approximately 90% RH was 35 ◦C
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< 25 ◦C < 15 ◦C, and the equilibrium moisture content increased as the temperature
decreased, which is consistent with the pore size in the electron micrograph shown in
Figure 7.

Figure 7. Scanning electron microscope images of the microstructure of four kinds of puffed cereals
of 0.9 MPa at high humidity (100×).

Figure 8 shows the relationship between the internal microstructure and force-
deformation curve during the compression of four types of puffed cereals swollen at
0.9 MPa and humidified at 25 ◦C. When the puffs were moistened at 6.7% RH, the
pores were relatively large, and the continuous phase was significantly thin. The force-
deformation curve exhibited a clear break point, indicating that the puffs were brittle with
a low rupture force. The internal microstructure at 43.2 and 75.3% RH demonstrated that
the pore size did not change much. However, the continuous phase constituting the pores
gradually became thicker as the RH increased.

 

Figure 8. Scanning electron microscope images of microstructure and force-deformation curves of
four types of puffed cereals (0.9 MPa/25 ◦C).

The force-deformation curve at 43.2% RH demonstrated that the reduction in force
became smaller after fracture, and at humidity control > 75.3% RH, the force-deformation
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curve exhibited a ductile fracture. At 93.6% RH, the pores were smaller, and the continu-
ous phase was considerably thicker. The force-deformation curve exhibited a significant
increase in force with slight deformation, indicating that the moist specimen shrunk during
compression and did not fracture.

The pore size of barley was different from that of brown rice, adlay, and amaranth,
which had fibrous pores. Because of this shape, the cell walls were thicker, and the angle of
the rising curve at the beginning of compaction was greater.

3.5. Measurement of Tg

Determining Tg is critical for determining the shelf life of food. At temperatures
below Tg, Brownian micromotion and molecular migration are reduced, thereby stabilizing
food quality and enhancing shelf life. Conversely, above Tg, molecules exhibit enhanced
Brownian micromotion and greater molecular migration, leading to deterioration of the
food product. Therefore, knowing the Tg is critical for identifying the temperature at which
the food product can be stored to maintain quality and extend its shelf life.

The Tg values of various puffed cereals conditioned at 25 ◦Care illustrated in Figure 9.
The Tg ranged from −16.6 ◦C to 80.2 ◦C. Tg decreased as the equilibrium moisture content
increased, which is consistent with the trends for corn cakes [20], wafers [9], corn flakes [34],
and extruded cereal-based products [37].

Figure 9. Tg in the second scan among the four types of puffed cereals (25 ◦C). r = −0.95 **,
** correlation is significant at p < 0.01.

In the previous section, it was demonstrated that the boundary region where the
rupture properties transition from brittle to ductile fracture occurs at a moisture content of
8%. Additionally, it was identified that the Tg of these puffed cereals with 8% moisture
content was approximately 40 ◦C. These puffed cereals exhibited a crispy texture in a glassy
state when stored at 25 ◦C. However, it was inferred that they shifted to a rubbery state at
temperatures above 40 ◦C, and the crispy texture was lost.
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In a previous study [37], Young’s modulus results showed that water acts as an anti-
plasticizer at low aw, while exhibiting a plasticizing effect at high aw, and a stability map
can explain the brittle-ductile transition that occurred when it was below Tg. In the present
study, as in the previous studies [34,37], the threshold between brittle and ductile fracture
was almost at Tg.

Figure 10 shows the effect of moisture content on the apparent elastic modulus of
various puffed cereals. In all samples, the apparent elastic modulus decreased as the
moisture content increased.

Figure 10. Effect of equilibrium moisture content on the apparent elastic modulus of four kinds of
puffed cereals.

Based on a previous study that assessed the effect of moisture adsorption on the
rupture properties of commercial confectioneries [32], the apparent elastic modulus de-
creased with increasing humidity, and the transition was relatively small up to an RH
of approximately 43%; however, it decreased significantly at higher RH. Similar results
were obtained in this study. This is attributed to the glass transition of various puffed
cereals as a result of moisture content, which causes their rupture properties to transition
to softness. The moisture content at which the apparent elastic modulus decreased rapidly
was approximately 8–10% in all cases. In this study, it was assumed that puffed cereals
transitioned from glass to rubber.

There are certain exceptions. For brown rice, adlay, and amaranth (excluding bar-
ley), the apparent elastic modulus was significantly higher under the highest moisture
content conditions at 25 ◦C and 35 ◦C. The significantly higher apparent elastic mod-
ulus was attributed to the shrinkage and tightness of the samples in the rubbery state
containing moisture.
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4. Conclusions

Four types of puffed cereals were stored under different temperatures (15 ◦C, 25 ◦C,
and 35 ◦C) and humidity (6–94%) conditions. The samples stored at 25 ◦C and 35 ◦C were
not affected by relative humidity (RH), whereas those stored at 15 ◦C had higher moisture
content at higher humidity. Electron micrographs of the internal structure of the samples
stored at 15 ◦C showed that the cell walls became thicker, and the pore size of the puffs
became smaller due to moisture absorption. The rupture force at this time showed a low
value, indicating that the puffs were in a rubbery state following moisture absorption. The
rupture force peaked at 8% RH and then decreased with an increase in relative humidity.

The physical properties changed from brittle to ductile fracture around a moisture
content of 8%, and the transition point between glass and rubber was considered to be 8%.

The Tg of the puffed cereals at 8% moisture content was approximately 40 ◦C. It was
inferred that the puffed cereals were glassy and crispy when stored at <40 ◦C, but changed
to rubbery and lost their crispy texture when stored at >40 ◦C.

The results indicated that a crispy texture can be maintained by keeping the moisture
content at <8% and the storage temperature at <40 ◦C.
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Abstract: Colour plays an important role among the quality traits of durum wheat, at-
tracting consumer attention for the pasta market. The traits involved in colour expression
are affected by genotype, environment, and processing. In the present study, based on
eighteen durum wheat genotypes grown in eight environments, the effects of different
traits related to colour expression were evaluated. Carotenoid pigments, such as lutein
and β-carotene content; yellow and brown indices; and lipoxygenase, peroxidase, and
polyphenoloxidase activities were analysed in semolina. The effects of processing were
evaluated by measuring both the content of carotenoid pigments and colorimetric indices
in pasta. The genotype, the environment, and their interaction were significant for all
traits, although with a strong prevalence of genotypic effects, except for the brown index.
After processing, a decrease in carotenoid content and the yellow index (86.7% and 16.0%,
respectively) was observed, while the brown index increased (8.2%). A multiple regression
analysis was performed on semolina traits, and the yellow index emerged as the main
predictor for pasta colour, strengthening this trait as a fast and reliable criterion of selection.
A High-Performance Index tool was also used to identify the genotype and environment
that better combine all traits, positively influencing colour expression. All this information
can be used in durum wheat breeding programmes for the prediction of pasta colour.

Keywords: durum wheat genotypes; environment; oxidative enzymes; carotenoid pigments;
colorimetric indices; pasta; high-performance index

1. Introduction

Durum wheat (Triticum turgidum L. ssp. durum) represents an important component
of the Mediterranean diet. It is the tenth most cultivated cereal in the world, and among
wheats, it is the second most produced crop after bread wheat [1]. Durum wheat covers
about 13.7 million ha, representing approximately less than 7% of the total global wheat
cultivation area, with a global production of 34.3 million tons, considering the average
values of 2018–2022 [2]. It is the main crop in many areas of the Mediterranean basin, whose
countries account for almost 50% of the cultivated area and global production of durum
wheat [3]. Mediterranean countries are also the main consumers of products derived from
durum wheat, such as pasta, bread, bulgur, and couscous. Currently, Canada is the leading
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producer of durum wheat, followed by Italy, Algeria, and Turkey [1,4], and it is the largest
durum wheat exporter in the world, with its main destinations being Algeria, Italy, and
Morocco [1,5].

Ensuring durum wheat quality is essential to maintaining competitiveness in the
market. Consumer choices play an important role in directing breeding towards the
improvement of traits linked to the quality of durum wheat end products. Among these
end products, pasta represents the most common and popular staple cereal food thanks
to its sensory and nutritional properties [6,7], and it is the most widespread cereal food
in Italian cuisine. Its quality is the complex result of the influence of different factors
which intervene in various stages of the durum wheat supply chain [8]. Quality is mainly
influenced by genotype but also by the environment (weather and soil), crop management,
and the primary (milling) and secondary (pasta making) processing steps [9,10].

Oxidative properties that are associated with colour are particularly important for
durum wheat commercial value, since consumers prefer semolina and pasta with a bright
yellow colour. Colour is influenced by the interaction between a yellow component and
a brown one, both resulting from the balance between the oxidative and antioxidative
components of grain.

The yellow component is mainly affected by (i) the endogenous content of carotenoid
pigments in kernels, antioxidant compounds that act as scavengers of free radicals, provid-
ing significant health benefits; (ii) their residual content after milling; and (iii) their degrada-
tion that occurs during pasta processing due to oxidative enzymes, especially lipoxygenase
(LOX) and, to a minor extent, peroxidase (POD) [11–14]. Among the carotenoid pigments,
lutein and, to a minor extent, β-carotene, which is an important precursor of vitamin A in
mammalians, are mainly present in durum wheat grain [15].

The brown component is the result of the oxidation of compounds such as polyphenols,
which occurs in the endosperm, during kernel maturation, and in semolina and dough
during processing, due to enzymes such as peroxidase (POD) and polyphenoloxidase (PPO),
and it is also a result of the ash content, an indicator of residual bran fraction [16–20].

Genotype, environment, and their interaction affect all the cited traits in grain and
semolina to a different extent [11,21–25], together with physical and chemical variations
that occur during milling and pasta processing [11,12].

Two approaches were used in the present study to evaluate the colour traits of durum
wheat products. Firstly, the components of the variance for genotype, environment, and
their interaction were estimated in terms of the colour-related traits of semolina and pasta
in a set of eighteen durum wheat genotypes grown throughout the Italian territory in eight
different climate areas. Secondly, the semolina trait that could be considered as the best
predictor of the final pasta colour was identified by multiple regression analysis.

Finally, to identify the genotype and environment that best combine the colour traits
studied, a High-Performance Index (HPI) tool was used. This is a mathematical tool
employed to simultaneously evaluate, in a simple and objective way, multiple traits that
are different in their units of measurement and also have opposite effects [26]. The use of
this tool allows us to simplify the interpretation of data, and its application can be easily
extended to other studies by adapting the procedure to the specific objective.

2. Materials and Methods

2.1. Plant Materials

Eighteen varieties of durum wheat, randomly selected from those mainly released
in the past 90 years, were grown in the 1999–2000 growing season throughout the Ital-
ian territory in eight environments with different agro-climatic characteristics (Table S1),
included in the Italian National Cereal Test Network. The experimental design was a
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lattice square with three completely randomized replicates. The plots were 10 m2 with
eight rows, spaced 17 cm apart. The cultivation of durum wheat varieties was carried out
in different locations within each agro-climatic environment using standardized cultural
practices. For each variety, equal amounts of grain samples collected from the different
locations of the same environment were mixed to obtain a composite sample [27]. The
appropriateness of this standardized sampling procedure, usually applied in the Italian
National Cereal Test Network, was assured by the small genotype × location interaction
for the main quality traits analysed [28]. The detailed thermo-pluviometric trend for all
climate areas was described in Desiderio et al. [29].

A flow chart showing the entire experimental process is displayed in Figure 1.

Figure 1. Experimental process.

2.2. Semolina Production

Cleaned seeds were conditioned overnight to 16.5% moisture and processed by an
MLU 202 experimental mill (Bühler Brothers, Uzwill, Switzerland). The extraction rate was
on average 65%. Semolina was stored at 4 ◦C up to analysis.

2.3. Pasta Processing

Semolina was processed into spaghetti (1.7 mm diameter) using a 2 kg capacity laboratory
plant (NAMAD, Rome, Italy). A low-temperature drying procedure (50 ◦C for 20 hr) was
applied in the pilot plant (AFREM, Lyon, France). Dried pasta, finely ground by a Tecator
Cyclotec 1093 laboratory mill (International PBI, Milano, Italy) and sieved (<500 μm), was stored
at 4 ◦C up to analysis.

2.4. Enzyme Assays in Semolina

Semolina’s hydroperoxidation and bleaching activities of LOX, POD, and PPO activi-
ties were determined in triplicate and expressed as μmoles of changed substrate min−1g−1.
Crude extracts for LOX and POD analysis were obtained as described by Borrelli et al. [12],
whereas those for PPO analysis were obtained according to González et al. [30]. The protein
content of extracts was evaluated by the Lowry et al. [31] method, using crystalline bovine
serum albumin as a standard.

2.4.1. Hydroperoxidation and Bleaching Activities of LOX

Both LOX activities were evaluated using a λ18 UV/vis Spectrometer (Perkin Elmer,
Norwalk, CT, USA), equipped with a water-jacketed cell holder. The optimal pH for both
activities was chosen according to Barone et al. [32].

LOX hydroperoxidation activity (Hp) was determined at 25 ◦C and at pH 6.6 by
measuring conjugate diene absorption at 234 nm, according to Borrelli et al. [12]. One unit
of enzymatic activity corresponded to the production of 1 μmol of conjugate hydroperoxy-
dienoic min−1, using a molar extinction coefficient of 28 mM cm−1.

The β-carotene bleaching activity (BL) of LOX was evaluated at 25 ◦C and at pH 5.2
by measuring the decrease in absorbance at 460 nm, as described by Borrelli et al. [12]. One
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unit of enzyme activity corresponded to the destruction of 1 μM of β-carotene min−1, using
a molar extinction coefficient of 123.5 mM cm−1.

2.4.2. Peroxidase Activity

Peroxidase (POD) activity was determined at 30 ◦C by measuring the slope from
the linear increase in absorbance at 470 nm at pH 4.2, due to the oxidation of guaiacol to
tatraidroguaiacol, in the presence of hydroxide peroxide, using a λ20 UV/vis Spectrometer
(Perkin Elmer), as described by Borrelli et al. [12]. One unit of enzyme activity was defined
as the change in one absorbance unit per min with an ε value of 26.6 mM−1.cm−1.

2.4.3. Polyphenoloxidase Activity

Polyphenoloxidase (PPO) activity was evaluated at 25 ◦C by measuring the increase
in absorbance at 480 nm, as a result of DOPA conversion into dopachrome, according to
Okot-Kotber et al. [33], with little modifications. The reaction mixture (3 mL) contained
10 mM L-DOPA in 0.1 M phosphate buffer, pH 6.5, and a suitable amount of extract to
give a linear initial velocity of the reaction. One unit of PPO activity was defined as the
amount of enzyme resulting in a change in absorbance of 0.001 min−1. PPO activity was
discriminated from that of POD using tropolone as a selective inhibitor for PPO.

2.5. Laboratory Analyses of Semolina and Pasta
2.5.1. Determination of β-Carotene and Lutein Content

β-carotene and lutein contents were measured by HPLC with an isocratic solvent pro-
gramme, using an Agilent HPLC system 1100 (Agilent Technologies, Waldbronn, Germany),
and expressed as μg/g, dry matter (DM), according to Borrelli et al. [12]. Analyses were
carried out in duplicate, and quantification was performed with reference to a calibration
curve obtained using relative standards.

2.5.2. Yellow and Brown Indices

A chromameter (CR200, Minolta, Osaka, Japan) was used to determine semolina and
pasta yellow (b*) (YI) and brown (100-L*) (BI) indices, according to CIELAB colour space sys-
tem [34] which measures lightness (L*: 100 white, 0 black), redness (a*: +60 red, −60 green), and
yellowness (b*: +60 yellow, −60 blue) values. Each index was the average of three measurements.

2.6. Procedure for Calculating High-Performance Index (HPI)

To identify superior genotypes which better express traits influencing the colour of
durum wheat products, the HPI was used. This descriptive tool is a dimensionless index
derived from a mathematical algorithm developed in Microsoft Excel by Troccoli et al. [26].
The algorithm requests some constraints on analytical variables to be specified: in particular,
the optimal condition consists of low LOX, POD, and PPO activities in semolina and a
high content of pigments and the YI, as well as a low BI, in semolina and pasta. Starting
from all the analytical variables detected in semolina and pasta, the constraints imposed on
each of them are used by the mathematical algorithm to firstly calculate the standardized
deviations from the overall mean of each variable and then to assign a positive or negative
score that increases (up to a maximum of 2) as the size of the deviation increases, obtaining
the final value of the HPI of each genotype by adding all the scores, according to the
detailed procedure described in Troccoli et al. [26]. Considering that each variable comes
from eight environments, the absolute maximum HPI score that each genotype can achieve
is “2 × n variables × m environments” (2 × 12 × 8= 192). The same approach was applied
considering the environment as a categorical variable. The HPI is graphically represented
with a spider chart, sorting the data in descending order. The chart is composed of axes that
extend from a central point, each of which represents the HPI value for every genotype.
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2.7. Statistical Analysis

ANOVA-Type II and variance component analysis were performed considering both
environment and genotype as random factors.

The mean values of genotype x environment interaction traits were used to obtain a
Pearson correlation matrix and the p-values of the correlation coefficient.

A multiple regression analysis was performed on all semolina traits used as the
predictors (independent variables) of the yellow index of pasta (dependent variable).
Mallow’s Cp statistics were used as a criterion to find the best regression model involving
a subset of predictor variables. The significance of the regression model was tested with an
ANOVA. A collinearity test and other statistical parameter calculations were performed on
the predictor variables included in the regression model. The Durbin–Watson statistic test
was conducted on the residuals to exclude the autocorrelation phenomenon.

Based on the simple correlation matrix between all traits analysed in the eighteen genotypes,
a Principal Component Analysis (PCA) was performed using the mean genotypic values.

Statistical analyses were performed using the STATISTICA program (StatSoft Italia srl,
vers. 8.0, 2007). PCA was performed using PAST software 4.17c (http://palaeo-electronica.
org/2001_1/past/issue1_01.htm, accessed on 08 January 2025).

Chemicals: Linoleic acid, β-carotene, carotenoid standards, Tween 20, DOPA, tropolone,
and LOX soybean (type IV) were purchased from Sigma Aldrich Chemical Co. (St. Louis,
MO, USA). Reagents for HPLC and gas chromatography were purchased from J.T. Baker
(Deventer, Holland). Tween 80 was purchased from Merck (Darmstadt, Germany).

3. Results and Discussion

3.1. Contribution of Genotype, Environment, and Their Interaction to Colour-Related Traits in
Semolina and Pasta

Among quality traits, the colour of the end products, semolina and pasta, plays
an important role both for aesthetic aspects, widely appreciated by consumers, and for
nutritional implications, mainly linked to the presence of carotenoid pigments.

The importance of genotype, environment, and their interaction in terms of the traits
directly and indirectly related to semolina colour was evaluated by ANOVA-Type II (Table 1).

The genotype, the environment, and their interaction were highly significant for all
traits (Table 1). To estimate the percentage of total variance due to environment, genotype,
and their interaction on the analysed traits, a variance component analysis was performed.
Excluding BL, BI-S, Lut-P, and BI-P, most traits were strongly influenced by genotype, rang-
ing from 50% (β-Car-P) to 90% (YI-S) of the total variance (Figure 2; Table S2). According
to Schulthess et al. [35], the environment played an important role (above 65%) only for
the BI-S and BI-P traits, while a moderate effect ranging from 4% (HP) to 21% (β-Car-S)
on the remaining traits was found (Figure 1; Table S2). This effect could be explained with
the correlation between the BI and ash content, which is significantly influenced by the
environment [8,36,37]. The minor effects of the environment on traits related to the yellow
colour component are in agreement with Sisson et al. [38].
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Figure 2. Relative variance component, expressed in percentage of total variance, for all traits evaluated in
semolina and pasta of eighteen genotypes grown in eight different Italian environments. Columns indicate
cumulative sums of components. HP = hydroperoxidation activity of LOX; BL = bleaching activity of LOX;
POD = peroxidase activity; PPO = polyphenoloxidase activity; Lut = lutein; β-Car = β-carotene; YI = yellow
index; BI = brown index; S = semolina; P = pasta.

The effects of the G × E interaction were quite evident on Lut-P (42%), the BL activity
of LOX (40%), and β-Car-P (34%) traits but less impactful on the remaining traits. The error
component of total variance on all traits can be considered completely marginal.

Carotenoid pigment content is a quantitative character regulated by various genes with
additive effects and a minor effect of the environment [39]. The results of our study con-
firmed the main effects of genotype on yellow pigment and enzyme activities in semolina.
These results agree with previous studies [14,21–25,40,41], although some of them evi-
denced a marginal effect of environmental conditions, including year, location, agronomic
practices, and their interaction [40–43].

POD and PPO showed great variability among genotypes with respect to HP and BL
(Table 1). The lowest HP values were found in Saadi, Parsifal, and Creso, while the highest
ones were in Preco, Torrebianca, Duilio, and Simeto. Semolina in Simeto, in addition to
having the highest POD and PPO values, had a very negative outcome in terms of its
final colour (Table 1). In general, in semolina, the lutein and β-carotene content and the
YI were high in Preco and Duprì and low in Gianni, whereas the BI was the highest in
Simeto and the lowest in Parsifal and Gianni. This trend was also generally found in pasta.
The increase in carotenoid content in newer varieties with respect to older ones (1.194 vs.
0.793 μg g−1, db, on average) confirmed the positive results of breeding programmes aimed
at improving the yellow colour of durum wheat due to the high value of the heritability of
carotenoid pigment content [21,24,25,42].
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3.2. Effects of Processing on Pasta Colour
3.2.1. Variation in Colour-Related Traits in Pasta

The effects of processing on parameters directly related to pasta colour, such as both
carotenoid pigments and yellow and brown indices, are shown in Figure 3.

 

Figure 3. Percentage variation in colour traits in eighteen genotypes across eight environments.

Considering the mean genotypic values, decreases of 86.7% of carotenoid pigment
content, on average, and 16.0% of the YI were found after processing, while the BI showed
an increase of 8.2%. These variations are of the same order of magnitude as those found
by Borrelli et al. [12]. The differences in the extent of pigment content and YI variation
after pasta making could be due to the different analysis methods used (chemical vs.
physical/colorimetric). It should be noted, however, that since the YI is an overall measure
of yellowness, its value includes the presence of other yellow carotenoid pigments, even if
they are present in small amounts [25].

3.2.2. Multiple Regression Analysis for Pasta Colour

To define the relationship between all traits involved in this study, a simple Pearson
correlation analysis was performed. The results are shown in Table 2.

Correlation analysis indicated that YI-S had the highest and positive significant associa-
tion with YI-P (r = 0.93, p-value = 0.000), followed by, in decreasing order, β-Car-S (r = 0.66,
p-value = 0.000), Lut-S (r = 0.64, p-value = 0.000), HP (r = 0.26, p-value = 0.002), and BI-S (r = 0.21,
p-value = 0.012).

Regarding enzymatic activities, HP did not show any correlation with BL and the
POD and PPO enzymes, which instead were correlated with each other.

LOX’s HP and BL activities significantly influenced carotenoid pigment content in
pasta in the opposite way. HP showed a positive correlation, while BL showed a neg-
ative one with carotenoid pigment, confirming their involvement in the degradation of
carotenoids during processing (Table 2). Despite HP and BL being the result of the activity
of the same enzyme, different roles for them have been described [44]. LOX catalyses, in the
first instance, the hydroperoxidation of polyunsaturated fatty acids (HP), producing free
and peroxy radicals. This reaction mainly occurs during mixing, due to the concurrence of a
greater availability of oxygen provided with water and of mechanical action that promotes
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substrate–enzyme–O2 contact, other than the modification of surface hydrophobicity, which
might result in the release and activation of enzymes and lipids. In the subsequent phases
of pasta processing, carotenoid pigment degradation (BL) prevails, and it is due to a cou-
pled oxidation mechanism, mediated by reactive oxygen species originating during fatty
acid oxidation [12]. The same was highlighted during bread making, when the greatest
decreases in carotenoids in flour were observed during the kneading stage [45]. These
different reactions are not closely related. In fact, other than the fact that they seem to
act in different phases of the pasta making process [12], LOX isoenzymes could intervene
to different extents in pigment degradation [46]. This could also explain the lack of a
significant correlation between the two activities observed in semolina (Table 2) and the
negative significant correlation observed only between BL activity and both pigments
in semolina.

Table 2. Pearson’s correlation matrix and p-values for all traits involved in colour expression.

HP BL POD PPO Lut-S ß-Car-S YI-S BI-S Lut-P ß-Car-P BI-P

BL
−0.10

p = 0.239

POD
−0.12 0.34

p = 0.165 p = 0.000

PPO
0.09 0.37 0.71

p = 0.265 p = 0.000 p = 0.000

Lut-S
0.05 −0.23 −0.27 −0.20

p = 0.585 p = 0.006 p = 0.001 p = 0.019

ß-Car-S
0.13 −0.18 −0.30 −0.17 0.86

p = 0.118 p = 0.033 p = 0.000 p = 0.036 p = 0.00

YI-S
0.30 −0.07 −0.14 −0.06 0.66 0.71

p = 0.000 p = 0.389 p = 0.085 p = 0.513 p = 0.00 p = 0.00

BI-S
0.19 0.32 0.24 0.28 0.09 0.23 0.33

p = 0.022 p = 0.000 p = 0.003 p = 0.001 p = 0.261 p = 0.007 p = 0.000

Lut-P
0.19 −0.23 −0.12 −0.10 0.50 0.43 0.50 −0.03

p = 0.019 p = 0.006 p = 0.147 p = 0.246 p = 0.000 p = 0.000 p = 0.000 p = 0.681

ß-Car-P
0.19 −0.21 −0.19 −0.14 0.50 0.57 0.50 0.16 0.80

p = 0.026 p = 0.013 p = 0.022 p = 0.091 p = 0.000 p = 0.000 p = 0.000 p = 0.052 p = 0.00

BI-P
0.10 0.26 0.21 0.21 0.06 0.22 0.35 0.93 −0.04 0.19

p = 0.229 p = 0.002 p = 0.013 p = 0.010 p = 0.440 p = 0.009 p = 0.000 p = 0.00 p = 0.635 p = 0.026

YI-P
0.26 −0.08 −0.14 −0.09 0.64 0.66 0.93 0.21 0.53 0.45 0.23

p = 0.002 p = 0.354 p = 0.095 p = 0.286 p = 0.000 p = 0.00 p = 0.00 p = 0.012 p = 0.000 p = 0.000 p = 0.005

HP = hydroperoxidation activity of LOX; BL = bleaching activity of LOX; POD = peroxidase activity; PPO = polyphe-
noloxidase activity; Lut = lutein; β-Car = β-carotene; YI = yellow index; BI = brown index; S = semolina; P = pasta.
The means of the G × E interaction of the traits (n = 144) were used for analysis. The values of significant correlation
coefficients are in bold.

A highly significant correlation was found between PPO and POD activities. Both
enzymes were shown to be involved in brownness although with different reaction mecha-
nisms [17–20,47]. In fact, these enzymes have some common phenolic substrates and other
specific ones for each of them, whose oxidation leads to the browning of products [47]. This
explains the significant correlation between their activity and BI of semolina and pasta. The
different levels of significance observed for correlations with the BI in semolina and pasta
could also be due to the nonenzymatic browning caused by the Maillard reaction that takes
place during the drying phase of the process (Table 2). This reaction is highly dependent on
the amount and type of substrate available (sugars and proteins) and moisture content, as
well as the time–temperature combinations of the drying treatment [48,49], although we can
assume that the degree of involvement in our study is low because of the low-temperature
drying cycle applied.

The high correlation between the BI in semolina and the BI in pasta indicates that
pasta brownness would also be dependent on the inherent brownness of semolina as well
as pasta processing [17].
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Both in semolina and pasta, lutein and β-carotene correlated with each other and with
the YI, confirming that they are mainly responsible for the bright yellow colour in semolina
and contribute to the commercial value of pasta.

The strength of the relationship between the YI and pigment content or their biosyn-
thetic enzymes was also evidenced by the identification of quantitative trait loci (QTLs) that
often co-mapped in the same chromosome region, increasing the effectiveness of marker-
assisted selection (MAS) programmes for these traits [39,50,51]. This was also confirmed in
other cereal species [52–54].

Even if it is reasonable that the YI of semolina should predict the YI of pasta, due to
the high correlation (r = 0.93) between these traits, previous studies [11,55] demonstrated that
pigment losses can occur during pasta making due to LOX activities. Moreover, POD and PPO,
influencing BI-P, could negatively affect yellowness [19]. For this reason, the mean values of the
G × E interaction were used in a multiple regression model, considering YI-P as the dependent
variable and all the parameters analysed in semolina as predictors or regressors or independent
variables to select variables with greater weight in predicting YI-P.

For the YI-P regression model, an ANOVA showed a highly significant F value (Table 3)
with an estimated model error of 0.878. Regarding independent variables, the selection method
based on Mallow’s Cp statistic extracted only two variables, which were always present in all
proposed subset models, with the first subset having the lowest Cp value (0.790) corresponding to
the BI-S (β-coefficient = −0.107) and YI-S (β-coefficient = 0.962) variables (Table 4). The ANOVA
showed, for these two variables, as well as for the intercept, highly significant univariate tests
in addition to high values of the coefficient of multiple regression (R = 0.932), of determination
(R2 = 0.868), and of correct determination (R2

adj = 0.866) (Table 3).

Table 3. ANOVA for regression model (summary).

Dependent Variable Source of Variation df Sum of Square Mean Square F p-Value Statistics Value

YI-P
Regression 2 715.281 357.641 464.089 0.000 R 0.932

Error 141 108.659 0.771 R2 0.868
Total 143 823.940 R2

adj 0.866

Error of
Model 0.878

A univariate significance test for the YI-P variable of the subset of the best predictors chosen according to
the Mallow Cp procedure

Intercept 1 23.156 23.156 30.048 0.000
BI-S 1 8.481 8.481 11.005 0.001
YI-S 1 679.191 679.191 881.346 0.000
Error 141 108.659 0.771

Table 4. Collinearity statistics for predictors included in regression model for YI-P dependent variable.

Predictors IN Tolerance
VIF (Variance

Inflation Factor)
R2 B-

Coefficient
β-

Coefficient
Partial

Correlation
Semi-Partial
Correlation

t p-Value

BI-S 0.891 1.122 0.109 −0.231 −0.107 −0.269 −0.101 −3.317 0.001
YI-S 0.891 1.122 0.109 0.752 0.962 0.928 0.908 29.687 0.000

Durbin–Watson statistic (d) test for residual autocorrelation in the regression model (n = 144)

d lower
tabulated

d value
d upper

tabulated
Serial

correlation
1.468 1.723 1.767 0.137

YI = yellow index; BI = brown index; S = semolina; P = pasta.

The collinearity statistics for the BI-S and YI-S predictors included in the multiple re-
gression model for the YI-P dependent variable showed very favourable values of tolerance,
VIF (Variance Inflation Factor), and residual R2, demonstrating that the two predictors fit
the model of regression very well for estimating YI-P (Table 4). This was also supported
by the value of the Durbin–Watson statistic (d) for the estimation of residual autocorrela-
tion (Table 4). The β-coefficients of the BI-S and YI-S variables included in the multiple
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regression model contribute 10.7% and 96.2%, respectively, to the YI-P variable, but their
behaviour is different since BI-S contributes minimally and negatively to the estimate of
YI-P, as compared to YI-S.

These results underline the usefulness of evaluating the YI of semolina, commercially
identified as being yellow in colour, as a fast and reliable method for performing a screening
for pigment content and, ultimately, for large-scale selection in durum wheat breeding
programmes for pasta colour [15,24,25,38,56]. Due to the very high correlation of the YI
(Minolta b* index) with the quantity of yellow pigment in semolina measured by chemical
extraction and quantified by spectrophotometric and/or by HPLC methods, the use of light
reflectance via a Minolta chromameter, requiring no chemicals, could represent a rapid
alternative to time-consuming quantification. Previously, it had already been demonstrated
that the colour measurement of a small amount of whole meal samples using a scanning
NIR instrument correlated well (r = from 0.74 to 0.90) with semolina’s b* values measured
with a Minolta chromameter, offering a speedy prediction of semolina colour especially in
early generation selection of breeding [57,58]. Moreover, since semolina is the raw material
used for pasta production, from the point of view of the supply chain, knowing the level of
pigments in semolina in the early stages of selection, when its quantity is not enough for
pasta pilot plants, is very important for making a prediction of the final pasta colour.

Our results do not agree with previous studies. In fact, Borrelli et al. [11] found that
LOX activities were prevalent in influencing the loss of pigments during pasta process-
ing. Furthermore, the identification of the deletion of the Lpx-B1.1 allele in durum wheat
resulting in a 4.5-fold reduction in LOX activity was determined to lead to a significant
improvement in pasta colour [55]. This was also confirmed by Fu et al. [59]. This dis-
crepancy could be due to the greater variability in genotypes and environments (each
including different locations) investigated, which gives greater strength to the results. The
involvement of the BI, although minimal, would seem to indirectly indicate the role of POD
and PPO in the final pasta colour.

3.3. Principal Component Analysis

To establish a stronger correlation among the traits analysed in the eighteen genotypes,
a PCA was performed, and the results are shown in Figure 4.

About 83% of the total variability is explained by the components PC1 (55.1%) and
PC2 (27.6%). Three groupings are evident. The first group is significantly and positively
associated with PC1 and includes all traits directly related to yellowness, analysed in
semolina and pasta, which are highly correlated to each other (Table 2), and it is mainly
linked to the genotype Verdi. In the second group, positively associated with PC2, are the
two enzymes PPO and POD, mainly responsible for brownness [10–13], which are strictly
related to Arcobaleno, Nefer, Saadi, and Torrebianca. Finally, in the third group, there are
BI-S and BI-P that resulted from POD and PPO activities as well as from the level of the grey
component due to the accumulation of minerals in grain (ash content) or that is produced
during the processing of pasta [10]. The two vectors of BI-S and BI-P are about at 45◦ with
respect to the point of insertion of two axes and, therefore, are not significantly associated
with the components PC1 and PC2. Among genotypes, only the San Carlo genotype is
aligned on these components. HP and BL were not significantly correlated with any other
variable and were not selected in PCA.

For the other genotypes, PC2 clearly distinguishes Simeto and, to a lower extent,
Arcobaleno, Nefer, and Saadi, from Flaminio, while Meridiano, as opposed to Colosseo,
is well represented by the PC1 component with Iride and Claudio which reflect the same
trend with respect to Verdi. The remaining genotypes, almost all in the lower quadrants,
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are a bit scattered and can be considered isolated cases, with Preco being the most isolated
by far.

Figure 4. A PCA biplot showing the distribution of the traits analysed in semolina and pasta and of
genotypes along the two principal factors. POD = peroxidase activity; PPO = polyphenoloxidase activity;
Lut = lutein; β-Car = β-carotene; YI = yellow index; BI = brown index; S = semolina; P = pasta.

3.4. High-Performance Index (HPI)—Tool for Descriptive Identification of Genotype with Best
Combination of Traits Involved in Colour of Pasta

Most of the traits considered in this study showed a strong genotypic component, and
each trait played its own role, positive or negative, in determining the pasta colour of each
genotype. A descriptive method for determining the relative contribution of each trait
and identifying the genotype that reaches the best compromise among all the traits that
affect semolina and pasta colour was previously developed by Troccoli et al. [26], using a
mathematical algorithm named the High-Performance Index (HPI). In HPI calculations, the
enzymatic activities of LOX, POD, and PPO in semolina and the BI in semolina and pasta
were considered negative variables for the final colour (lower levels were desirable), while
carotenoid content and the YI in semolina and pasta were considered positive variables
(higher levels were welcomed). After standardizing the deviation values of each variable
with respect to its overall mean value, the algorithm checked whether the variable was
specified as negative or positive and, for each deviation, calculated a positive or negative
score that varies from 0 to a maximum of 2 as the deviation value increases. The score
assigned to each analytical variable represents the specific contribution of that trait and
therefore its performance. The partial score of the row-by-column crossing of each cell
represents, for each genotype, the Specific Performance Index (SPI) for each variable. The
joint use of the HPI and SPI helps to immediately visualize how much each variable (SPI)
contributes to the final HPI.

In Table S3, for each genotype, the partial score attributed to each variable is reported,
and their sum was used to calculate the HPI. Considering the mean values of the G × E
interaction, each of the twelve variables has eight replicate values, one for each environment.
Therefore, for each genotype, the maximum expected HPI value is, in absolute value, 192
(2 × 8 Env × 12 Var), if all 12 variables obtain a score of 2 in each environment. The HPI
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was represented with a radar chart (Figure 5), showing that the best performance was
obtained by the Preco genotype which achieved the highest HPI value (71.6), since most of
the variables were favourable, presenting a positive SPI (Table S3).

 

Figure 5. Spider chart for High-Performance Index (HPI) for semolina and pasta of eighteen genotypes
grown in eight different Italian environments.

In detail, the Preco genotype reached the maximum negative value (2 × 8 Env) of the
SPI for HP, since this trait had the highest value in semolina (Table 1), but this negative
characteristic was largely compensated for by the positive SPI values of the other traits,
excluding the low values of the BI of semolina and pasta. The Preco genotype was followed
by a group of genotypes comprising Flaminio, Meridiano, and Duprì that showed HPI
values close to each other (54.3 to 53.3) due to the positive score for most traits. On the
contrary, the most negative HPI value was attributed to Simeto, since all the variables had
negative SPI scores, due to high enzymatic activities and low pigment contents (Table 1
and Table S3).

The same tool was used to identify the most promising environment for colour expres-
sion (Table 5).

A narrower range for the environmental HPI was evidenced as compared with genotype
one (Table S3), further confirming the influence of genotype on colour traits. It is interesting to
observe that the environment negatively affected both enzyme activities, producing positive
SPI scores, and colour-related traits, producing negative scores (Table 4). The environments
with the best HPI values were the North-Central Tyrrhenian Coast (ENV3), under sub-littoral
conditions, and the North-Central Mountainous Apennines (ENV4), generally characterized by
abundant autumn rainfall, a dry winter with low temperatures, and limited rainfall and a high
maximum temperature during the grain filling stage until ripening. Insular environments (ENV7
and ENV8), together with the North-Central Adriatic Coast (ENV2), showed intermediate
performance. Finally, the South-Central Mountainous Apennines (ENV5), characterized by
different rainfall distributions and quantities across locations and lower temperatures during
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winter and higher ones in the final period of the growth cycle with respect to multi-year seasonal
averages [29], had a more negative HPI value and showed a highly negative SPI value for
β-Car-P.

Table 5. For each environment, the cumulative score (Specific Performance Index) of the eighteen
genotypes, attributed to each analytical variable, was calculated using the HPI tool, according to the
procedure described in Troccoli et al. [19]. For each environment, the HPI is the sum of the score of
the 12 variables.

Specific Performance Index (SPI; n = 18) for Negative (NV *) or Positive (PV *) Variable

Specific Attributes NV NV NV NV PV PV PV NV PV PV PV NV
HPI

Environment HP BL POD PPO Lut-S
β-Car-

S
YI-S BI-S Lut-P β-Car-P YI-P BI-P

ENV3 7.03 4.93 −0.03 2.00 −0.48 −0.35 −0.23 −0.20 −0.90 −0.58 −0.20 −0.2 10.80
ENV4 4.83 6.13 0.12 1.73 −0.20 −0.63 −0.23 −0.23 −0.23 −0.78 −0.18 −0.25 10.10
ENV7 4.38 3.78 −0.08 1.75 −0.20 −0.20 −0.18 −0.23 −0.70 −1.68 −0.23 −0.25 6.17
ENV2 4.75 2.63 0.60 1.88 −0.30 −0.28 −0.20 −0.18 −1.08 −1.50 −0.20 −0.2 5.92
ENV8 3.38 5.00 −0.23 1.30 −1.15 −1.10 −0.20 −0.28 −0.25 −1.13 −0.30 −0.175 4.88
ENV6 3.30 1.95 −0.08 0.02 −0.23 −1.05 −0.18 −0.23 −0.25 −2.35 −0.18 −0.275 0.47
ENV1 2.98 0.33 −0.20 1.38 −0.18 −0.23 −0.23 −0.23 −0.55 −2.88 −0.20 −0.25 −0.25
ENV5 4.55 3.78 0.18 −0.15 −0.25 −0.30 −0.23 −0.25 −4.23 −7.53 −0.23 −0.225 −4.88

HP = hydroperoxidation activity of LOX; BL = bleaching activity of LOX; POD = peroxidase activity; PPO = polyphe-
noloxidase activity; Lut = lutein; β-Car = β-carotene; YI = yellow index; BI = brown index; S = semolina; P= pasta;
ENV1: Po Valley; ENV2: North-Central Adriatic Coast; ENV3: North-Central Tyrrhenian Coast; ENV4: North-Central
Apennines; ENV5: Central Mountainous Apennines (South); ENV6: Adriatic–Ionic; ENV7: Sicily; ENV8: Sardinia. * A
variable classified as “negative” (NV) or “positive” (PV) is considered favourable if the initial content of specific variable
results respectively lower or higher than the overall mean value, obtaining a positive score.

However, from a broader perspective, it is necessary to consider the effects of some
abiotic stresses (mainly drought, salinity, and high temperatures) on the pigment content
of cereal grains [36,60–62]. This is even more important when considering the scenario
of climate change in which stress conditions are increasingly present and involve larger
geographical areas, orienting the choice towards more tolerant genotypes, which are
capable of facing emerging challenges and assuring at the same time a good yield and
quality performance.

4. Conclusions

Knowledge of the relative contribution of genotype, environment, and their interaction
to colour expression is very important for setting up appropriate breeding programmes
in agreement with the quality requirements of the food market. The results reported in
this study confirm the importance of the genotypic component in terms of traits related to
colour expression.

For the multiple regression model, we selected semolina’s YI as the key trait to be
used in predicting the bright yellow colour of pasta so appreciated by consumers. This
model can be considered very robust because it derives from a multi-environmental dataset.
Although the data presented come from experimental trials carried out in the past, this
feature makes them widely applicable.

The YI is closely linked to the content of carotenoid pigments. During pasta processing,
other traits, such as enzymes, intervene to modify the content of carotenoid pigments, even
if they seem to contribute marginally to the final pasta colour.

Furthermore, since the analysed traits intervene in different ways in determining
colour expression, the HPI could represent an innovative tool to use to simplify data
interpretation, as it provides a unique value to express the variability in the effects of each
trait. The consistency of the dataset makes this index able to provide reliable indications
for making the best choice of genotypes/environments for producing more coloured pasta.
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In a future study, it would be interesting to verify these results in more recent geno-
types, mostly cultivated along the Italian territory, improved for production and other
qualitative characteristics.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/foods14030392/s1, Table S1: Year of release, country, and pedigree
information of eighteen durum wheat genotypes grown in 1999–2000 crop years in eight climate
areas; Table S2: Variance components for all traits measured in semolina and pasta of eighteen durum
wheat genotypes grown in eight environments; Table S3: For each genotype, the cumulative score
(Specific Performance Index) of the eight environments attributed to each analytical variable was
calculated using the HPI tool, according to the procedure described in Troccoli et al. [19]. For each
genotype, the HPI is the sum of the score of the 12 variables.
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Abstract: In recent years, the market has seen a growing demand for healthy and convenient food
options, such as fruit and cereal bars, driven by shifts in eating habits. These changes are primarily
attributed to time constraints in meal preparation and the need for ready-to-eat foods. Consequently,
this has promoted interest in creating a nutritious, high-quality snack combining oats and mango.
This study employed a response surface analysis of extreme vertex mixtures, incorporating constraints
and three components: oats, mango peel, and dehydrated mango pulp. This resulted in ten different
mixtures, each with unique combinations and proportions of the three components. It evaluated the
microbiological quality, proximal composition, total phenolic content, tannins, Aw, color, texture, and
chemical properties during storage at room temperature. The optimal blend, which demonstrated
the best quality characteristics, consisted of 44.38% oats, 5.36% mango peel, and 29.24% mango pulp.
This formulation yielded a protein content of 7.1 g, dietary fiber of 20.3 g per 100 g, total phenols
of 3.4 mg gallic acid per g, and no pathogenic microorganisms. According to the obtained data,
Aw > 0.3, the estimated shelf life could be 12 months at room temperature. Developing a stable
oat-mango snack with excellent nutritional, nutraceutical, chemical quality, and microbiological
properties is technologically feasible.

Keywords: food design; functional foods; Mangifera indica; properties; quality

1. Introduction

Mango (Mangifera indica L.) is a delicious tropical fruit and a nutritional powerhouse,
making it one of the most sought-after fruits in the global market. Its sensory, nutritional,
and functional properties have economically secured its position as the third most important
fruit after bananas and oranges [1,2]. In 2022, global production of mango, guava, and
mangosteen fruits reached 59.15 million tons, with Mexico ranking fifth with 1.8 mt,
following India, China, Indonesia, and Thailand [3].

The “Ataulfo” variety is native to Mexico, and its widespread commercialization
worldwide is attributed to its distinctive flavor, firm texture, sweet flesh, low acidity, and
intense aroma [1,4]. Due to these appealing characteristics, a portion of the production is
allocated for processed foods, including juices, nectars, jams, and canned and dehydrated
products [5]. However, this industrial processing generates up to 60% of waste, primarily
peel, seed, and fiber, leading to economic losses, environmental challenges, and possible
uses [6].

Over the past two decades, research has focused on characterizing and processing
mango peels for their potential reuse in food development. This not only offers a new
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source of income for the mango processing industry [5,6] but also emphasizes the nutritional
value of this by-product. Mango peels are rich in dietary fiber, polyphenols, proteins, and
carotenoids, making them a promising source of functional ingredients [6–9].

Mango by-products have been utilized in producing various processed foods, includ-
ing fermented beverages, jellies, chips, pasta, cookies, bread, and snacks [10–13]. The results
demonstrate that these products are rich in phenolic compounds, exhibit antioxidant ac-
tivity, possess probiotic potential, and are high in dietary fiber. Consuming products
containing these compounds is associated with several health benefits. For instance, a
high dietary fiber intake is crucial in addressing obesity, coronary heart disease, cancer,
and diabetes problems [14–16]. Additionally, the bioactive compounds in these products
play a significant role by neutralizing free radicals, thus preventing cellular damage [17].
This information is essential for understanding the health benefits of these products.

The competitive landscape of the food industry continually drives the search for
innovative product designs [18]. In recent years, there has been a growing demand for
healthy foods that are convenient and sensorially appealing. As a result, fruit and protein
bars, along with a variety of other healthy snacks, are gaining popularity. This research
focuses on developing and optimizing a snack made from oats, mango pulp, and mango
peel flour, offering substantial benefits in terms of nutritional value, nutraceutical properties,
and quality stability at room temperature. This presents a promising opportunity for the
food industry.

2. Materials and Methods

2.1. Materials

In this study, ripe mangos of the Ataulfo variety, cultivated in the South Pacific region
of Chiapas, México, were used. Mango fruits were washed with water and sanitized with
20 ppm sodium hypochlorite for 15 min. Once sanitized, the fruits were peeled, cut into
pieces, and crushed in a T12L stainless steel industrial blender (Rbanda, Mexico) to a
homogeneous paste and stored at −17 ◦C. The fruit peels were placed in a stainless-steel
strainer and blanched in water at 90 ◦C for 120 s. To inactivate the enzymes responsible for
deterioration reactions such as browning, they were cut and dried for 20 h at 50 ◦C ± 2 ◦C
in a hot air dehydrator (Excalibur Food Dehydrator, Burleigh Heads, QLD, Australia) until
reaching a constant weight. The peel was pulverized in a mill (Pulvex 200) and stored at
2 ◦C. Commercial oat flakes Granvita (Grupo Industrial Vida S.A. de C.V.) were used, which
contained protein = 10%, fat = 10%, total carbohydrates = 70%, and dietary fiber = 13.3%
on dry matter.

2.2. Snack Design, Preparation, and Characterization

All mango-oat combinations described in Table 1 were added to 21% of the com-
plement (15% sucrose, 5.3% butter, 0.5% salt, and 0.2% baking powder) to achieve 100%.
All components were mixed to make a homogeneous mass, which was molded into an 8 cm
long and 7 mm thick indented cylindrical shape. Each sample was left to rest for 15 min at
room temperature and baked at 180 ◦C for 6 min, then allowed to rest for 8 min at room
temperature (to allow the water in the product to migrate from the inside to the outside to
reach equilibrium), followed by a second cooking stage of 10 min at 180 ◦C. The samples
were removed from the oven, cooled to room temperature, and meticulously packaged in
Ziploc® plastic bags for further analysis, ensuring the product’s quality.

2.3. Proximal Analysis

Moisture, ash, protein (N × 5.83), fat, and carbohydrates (by difference) contents were de-
termined according to AOAC methods [19]. Total dietary fiber was evaluated by the Megazyme
total dietary fiber assay procedure, which is based on the AOAC 991.43 method (AOAC, 1998).
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Table 1. Experimental runs, primary components (proportions), and experimental region of the
extreme vertices design.

Treatments Oat Flakes Mango Peel Flour Mango Pulp Experimental Region

1 0.30 0.00 0.49
2 0.54 0.00 0.25
3 0.30 0.24 0.25
4 0.30 0.12 0.37
5 0.42 0.00 0.37
6 0.42 0.12 0.25
7 0.38 0.08 0.33
8 0.34 0.04 0.41
9 0.46 0.04 0.29

10 0.34 0.16 0.29

2.4. Hardness

The hardness of the samples was determined using a TA-XT2i texturometer (AMETEX,
Cassatt Road Berwyn, FL, USA) measured at 2 points on the surface of the product with a
double blade attachment at a speed of 20 mm/s and a contact force of 1 Newton until total
breakage of the sample structure [20]. The results were reported in Newton (N).

2.5. Color Analysis

The color attributes of the samples were obtained in the CIELCh color space using a
spectrophotometer (CM-700d; Konica Minolta, Ramsey, NJ, USA). The luminosity (L), hue
angle (Hue = arc tan b/a), and chromaticity (Chroma =

√
[a2 + b2]) were obtained with

OnColor QC version 5 (CyberChrome, Stone Ridge, NY, USA) [21,22].

2.6. Chemical Analysis

The samples’ pH, acidity, and total soluble solids (TSS) were carried out according
to [19]. To 10 g of sample, 50 mL of distilled H2O pH 7.0 was added, liquefied, and filtered.
A total of 50 mL of filtered sample was taken and placed in a plastic cup. The pH and
percentage of acidity were determined with a Mettler Toledo T50 automatic titrator using
the LabX program, where the dilution factor and the milliequivalent of citric acid were
indicated. One milliliter of the sample was placed in the Metter Toledo S470 refractometer
cavity for total soluble solids. The result was multiplied by the dilution factor and reported
in degrees Brix (◦Brix).

2.7. Antioxidant Capacity

Extract preparation for antioxidant capacity involved 2 g of dry sample being added
to 10 mL methanol, shaken at 200 rpm for 2 h, and centrifuged at 27,670× g for 20 min at
4 ◦C [23], using a centrifuge mod Z36 HK (Hermle Labortechnik, Wehigen, Germany).

The Folin Ciocalteu method was used to quantify the total phenolic compounds.
A total of 10 μL of the extract, 230 μL of distilled water, and 10 μL of the 2 N Folin Ciocalteu
reagent were placed in a clear flat-bottom 96-well transparent plate, incubated for 3 min,
25 μL of Na2CO3 4 N was added, and incubated for 2 h in the dark. The absorbance was
measured at 725 nm using a Synergy HT Microplate Reader (BioTek, Instruments, Inc.,
Winooski, VT, USA). The results were expressed as mg of gallic acid equivalents (GAE) per
gram [23].

The antioxidant capacity was determined by the DPPH (2,2-diphenyl-1-picrylhydrazyl)
method. A 20 μL sample extract was prepared and added to the microplate. A 20 μL sample
extract, using Trolox (0, 0.05, 0.1, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.6, 0.8, and 1.0 mg·mL−1); and
200 μL of DPPH (2,2-definil-1-picrylhydrazyl radical) reagent were added and incubated at
20 ◦C for 30 min, under dark conditions to determine the calibration curve. Absorbance
was measured at 540 nm using a Synergy microplate reader HT (BioTek, Winooski, VT,
USA). The results were expressed as mg Trolox equivalents/100 g sample dry weight [24].
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2.8. Total Tannins

Total tannins were obtained as the difference between the content of phenolic com-
pounds and the non-tannin phenolics compounds. First, it was necessary to determine the
content of phenolic compounds using the Folin Ciocalteu assay, and then the content of
non-tannin phenolics was subtracted from that value. For this, tannin precipitation was
performed with PVPP. A total of 100 mg of polyvinyl polypyrrolidone (PVPP) and 1 mL of
extract were added to Eppendorf tubes, shaken in a Vortex Maximix LP (Thermo Scientific,
Waltham, MA, USA), and incubated for 15 min at 4 ◦C. Then, they were shaken rapidly
and centrifuged for 10 min at 4427× g. The supernatant was recovered, and the content of
phenolic compounds (non-tannin compounds) was determined using the Folin Ciocalteu
assay. The results were expressed as mg catechin equivalents (CE)/g [25,26]. Total tannins
= (the content of phenolic compounds minus the non-tannin phenolics compounds).

2.9. Water Activity

A 2 g mango bar was placed in a cell in the equipment cavity of Aqua LabCX-2
(Cromer, Australia) dew point hygrometer at 25 ◦C, previously calibrated with a NaCl
standard of 0.75 water activity (Aw). Finally, Aw was measured and recorded in the sample.

2.10. Microbiological Analysis

Escherichia coli (E. coli), fecal coliforms, and total coliforms were determined following
the Mexican Official Standard NOM-210-SSA1-2014 [27], appendix H, to Salmonella spp.
appendix A and appendix B, the procedure for food. A sample of 25 g was placed in a
sterile bag, 225 mL of phosphate butter was added, and the sample was homogenized
manually for 2 min (stock sample). Coliforms from this homogenate were analyzed with
decimal dilutions made using 9 mL of phosphate buffer. Biochemical tests were performed
to evaluate E. coli, and the results were reported as the most probable number/mL (MPN/g)
for Salmonella expressed as presence-absence in 25 g of sample. The fungi and yeasts were
analyzed according to the Mexican Official Standard NOM-111-SSA1-1994 [28] for products
intended for human consumption by plate count.

2.11. Data Analysis

A mixture design of degree 2, with extreme vertices, was implemented with three
components (oats, mango peel flour, and mango pulp) with the following constraints: oats
30–55%, mango peel flour 0–30%, and mango pulp 25–65%. Oats and mango (peeled flour
and pulp) constituted a balanced 79% of the total mixture, and 21% was the complement in
the formulation (15% sucrose, 5.3% butter, 0.5% salt, and 0.2% baking powder). The mixture
design consisted of 10 mixtures [29] and each mixture was replicated thrice (Table 1). Statistical
significance of coefficients for the terms in the models were taken as p < 0.05.

3. Results and Discussion

3.1. Nutritional Characterization of Snack Ingredients

Table 2 shows the nutritional and nutraceutical content of the components used to
prepare the oat-mango snack. The moisture content of the mango pulp, at 79%, served as
the primary water source in the mixture, facilitating the kneading process with the other
ingredients. The nutritional and nutraceutical characteristics of the snack were meticulously
estimated, considering the protein contribution from oats (10%), dietary fiber (21.5%), and
primarily tannins from mango peel. These estimations provide a solid basis for confidence
in the snack’s health benefits. The raw materials’ analyzed content was consistent with
values reported by various authors for oat and mango fruits and peels [5,7,8].

Table 2. Characteristics of primary components for oat-mango snacks.

Components Mango Pulp (FM) Mango Peel Flour (DM) Oat Flakes (DM)

Moisture, % 79.3 ± 0.1 * 8.3 ± 0.28 4.5
Protein, % 1.2 ± 0.1 3.8 ± 0.13 10.0
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Table 2. Cont.

Components Mango Pulp (FM) Mango Peel Flour (DM) Oat Flakes (DM)

Dietary fiber, % 3.12 ± 0.8 21.50 ± 1.6 13.3
Total phenols, mg GAE·g−1 1.6 ± 0.05 127.3 ± 0.25 NR
Total tannins, mg CAT·g−1 0.05 ± 0.001 50.58 ± 1.2 NR

* Mean and standard deviation of three replicates. GAE: gallic acid equivalents. CAT: Catechin. NR. Not reported.
FM: Fresh matter. DM: Dry matter.

3.2. Optimization Process

Table 3 presents the protein, dietary fiber, and bioactive compound contents across
the ten treatments derived from the experimental design, which were influenced by the
proportions of oats, mango peel, and pulp. Higher ratios of oats and mango peel flour in the
combinations enhanced the protein and dietary fiber content. Conversely, including mango
pulp and mango peel flour improved the total phenol values, along with the incorporation
of tannins. It was reported that mango peel is rich in total phenols, which help eliminate
free radicals and function as natural antioxidants [8]. These findings offer a significative
promise for future food development, opening opportunities for the creation of healthier
and nutritious snack.

Table 3. Means ± Standard deviation of the response variables of 10 mixtures of oats-mango snacks.

Mixtures Response Variables

Oat Peel Pulp Protein (%) Dietary Fiber (%)
Total

Phenols (**)
Total Tannins (***)

0.30 0.00 0.49 5.7 ± 0.4 * 29.1 ± 0.4 1.0 ± 0.1 0.2 ± 0.05
0.54 0.00 0.25 6.4 ± 0.1 31.7 ± 0.1 0.7 ± 0.01 0.1 ± 0.01
0.30 0.24 0.25 6.0 ± 0.9 23.1 ± 0.6 14.2 ± 0.4 10.6 ± 0.1
0.30 0.12 0.37 4.6 ± 0.2 21.1 ± 0.2 6.6 ± 0.2 5.3 ± 0.1
0.42 0.00 0.37 6.3 ± 0.1 19.4 ± 0.1 0.2 ± 0.1 0.1 ± 0.01
0.42 0.12 0.25 6.5 ± 0.2 23.6 ± 0.2 6.0 ± 0.2 5.0 ± 0.2
0.38 0.08 0.33 5.5 ± 0.5 22.3 ± 0.5 6.2 ± 0.1 4.0 ± 0.3
0.34 0.04 0.41 6.7 ± 0.1 22.3 ± 0.5 2.3 ± 0.2 2.0 ± 0.3
0.46 0.04 0.29 6.2 ± 0.6 20.7 ± 0.6 2.0 ± 0.1 1.5 ± 0.2
0.34 0.16 0.29 5.1 ± 0.1 20.6 ± 0.1 8.4 ± 0.4 7.5 ± 0.2

* Mean and standard deviation of three replicates, ** (mg GAE·g−1 snack), *** (mg CAT·g−1 snack). GAE: gallic
acid equivalents. CAT: Catechin.

The dietary fiber functionality of oat-mango snacks, determined by the content and
ratio of soluble and insoluble fractions [30], significantly influences glucose levels. The sol-
uble fiber in these snacks helps stabilize glucose levels, providing health benefits. Fur-
thermore, soluble fiber serves as a prebiotic, nourishing beneficial gut bacteria, which
promotes a balanced microbiota and can enhance overall consumer health [16,31]. Fur-
thermore, consuming foods that contain tannins could be therapeutic; they prevent cancer
and the formation of carcinogens. Similarly, tannins enhance body’s natural detoxification
defenses [25].

3.3. Regression Models

The ANOVA for the response variable is shown in Table 4. Protein and dietary fiber
were adjusted by second-order models, while total phenols and total tannins were adjusted
by linear models. The significant regression coefficients (p < 0.05) for each response are
shown in Table 5. The corresponding polynomial models and their goodness of fit (R2) are
given in Table 6.

Table 4. Analysis of variance for protein, dietary fiber, total phenols, and total tannins.

Protein (%)

Source DF Seq SS Adj SS Adj MS F-Value p-Value

Regression 3 2.354 2.354 0.7846 2.70 0.013
Linear 2 1.191 1.352 0.6762 2.41 0.017
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Table 4. Cont.

Protein (%)

Source DF Seq SS Adj SS Adj MS F-Value p-Value

Quadratic 1 1.163 1.163 1.1627 4.14 0.08
Peel * Pulp 1 1.163 1.163 1.1627 4.14 0.08

Residual Error 6 1.686 1.986 0.2010

Total 9 4.040

Dietary fiber (%)

Regression 3 106.72 106.72 35.573 6.35 0.027
Linear 2 20.61 101.87 50.936 9.10 0.015

Quadratic 1 86.11 86.11 86.109 15.38 0.008
Oat * Pulp 1 86.11 86.11 86.109 15.38 0.008

Residual Error 6 33.59 33.59 5.598

Total 9 140.31

Total phenols (mg gallic acid equivalents·g−1 snack)

Regression 2 172.498 172.498 86.2492 125.15 0.000
Linear 2 172.498 172.498 86.2492 125.15 0.000

Residual Error 7 4.824 4.824 0.6892

Total 9 177.323

Total tannins (mg catechin·g−1 snack)

Regression 2 106.550 106.550 53.2749 689.54 0.000
Linear 2 106.550 106.550 53.2749 689.54 0.000

Residual Error 7 0.541 0.541 0.0773

Total 9 107.091
DF = Degree of Freedom; Seq SS = Sequential sums of squares; Adj SS = Adjusted sums of squares;
Adj MS = Adjusted mean squares. * = Interaction effect.

Table 5. Estimated regression coefficients.

Response Variables

Terms Protein (%) Dietary Fiber (%) Total Phenols * Total Tannins **

Oat 8.82 151.561 −0.5102 −0.4845
Mango peel flour 26.84 −68.235 55.1952 43.0926

Mango pulp 7.15 178.793 1.5076 0.6740
Mango peel flour *

Mango pulp −83.21 -- -- --

Oat * Mango pulp -- −716.065 -- --

* (mg GAE·g−1 snack), ** (mg CAT·g−1 snack). GAE: gallic acid equivalents. CAT: Catechin. Mango peel flour.

Table 6. Regression models and coefficient of determination.

Response Variable Models R2 (%)

Protein (%) 8.82 O + 26.84 Pe + 7.15 Pu − 83.21 Pe * Pu 58.3
Dietary fiber (%) 151.56 O − 68.24 Pe + 178.79 Pu − 716.07 O * Pu 76.1
Total phenols * – 0.51 O + 55.20 Pe + 1.51 Pu 97.3
Total tannins ** – 0.48 O + 43.09 Pe + 0.67 Pu 99.5

* (mg GAE·g−1 snack), ** (mg CAT·g−1 snack). GAE: Gallic acid equivalents. CAT: Catechin. O = Oat, Pe = Mango
peel flour, Pu = Mango pulp.

3.4. Optimization

Using Minitab 19, an overlap of the contour plots of all response models over the
restricted experimental region showed a small area where all responses intersect (Figure 1).
A feasible solution in this region was oat = 0.441 (44.1%), mango peel flour = 0.0648 (6.5%),
and mango pulp = 0.284 (28.4%). The response values at this point were protein (%) = 6.12,
dietary fiber = 23.45 (%), total phenols (mg GAE·g−1 snack) = 3.67, and total tannins mg
Catechin·g−1 snack = 2.89. This result was corroborated by the optimization procedure
based on the optimal desirability functions for the four desired variables of 0.805.
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Figure 1. Overlaid contours of response variables of the oat-mango snack.

3.5. Physicochemical Properties of the Optimized Mango-Oat Snack

The snack made with the feasible oat-mango blend demonstrated important protein,
dietary fiber, total phenols, and tannin contributions (Table 7), which were consistent
with the results predicted by the model (Figure 1), indicating excellent reproducibility of
the experiment. Overall, the optimized snack contained 3.8% moisture (Table 8), which
falls within the acceptable range for baked goods according to NOM-247-SSA1-2008 [32]
(moisture < 8%). The protein content is primarily derived from oats, followed by mango
peel. With a high dietary fiber content of 20.3% (with a ratio of 3:1 insoluble to soluble
fiber), this snack has three times the fiber found in other snacks enhanced with mango
peel [4,33,34], potentially offering significant health benefits.

Table 7. Results for predicted and experimental values in the feasible mixture of dehydrated mango
and walnuts for conditions of 60 ◦C and 3 min.

Values

Response Variables

Protein (%)
Total Dietary Fiber

(TDF, %)
Total Phenols (**) Total Tannins (***)

Predicted by model 6.1252 23.4483 3.6687 2.891
Experimental data 6.6 ± 0.6 * 20.3 ± 0.4 3.4 ± 0.1 2.2 ± 0.1

* Mean and standard deviation of three replicates, ** (mg GAE·g−1 snack), *** (mg CAT·g−1 snack). GAE: gallic
acid equivalents. CAT: Catechin.

Table 8. Quality characteristics of the optimized oat-mango snack expressed on dry matter.

Nutritional/Nutraceutical Quality Physicochemical Characteristics

Moisture * 3.82 ± 0.2 Aw * 0.31 ± 0.002
Fat 7.4 ± 0.6 Texture (N) 60.6 ± 2.6
Ash 2.3 ± 0.2 pH 4.8 ± 0.02

Total carbohydrates 79.8 ± 0.3 TSS (◦Brix) 22.0 ± 1.0
Sugars 18.9 ± 0.7 Titratable acidity (% citric acid) 0.08 ± 0.003

Insoluble dietary fiber (IDF), % 15.2 ± 0.6
Soluble dietary fiber (SDF), % 5.1 ± 0.2

SDF/TDF ratio 0.22 ± 0.3
DPPH antioxidant capacity, μmol Trolox·g−1 41.4 ± 0.5

* Mean and standard deviation of three repetitions. TDF: Total dietary fiber (%, Table 5). DPPH = 2,2-diphenyl-1-
picrylhydrazyl. Aw: water activity. TSS: total soluble solids. N: Newtons.

A serving of baked cereal products with fruit is 40 g by regulations (Grain-based bars
with or without filling or coating, e.g., breakfast bars, granola bars, rice cereal bars, piece

173



Foods 2024, 13, 3402

or g [35] from USA) and NOM-086-SSA1-1994 [36] from México. In this context, a serving
of the oat-mango snack (40 g) provides 8.1 g of dietary fiber, which accounts for 29% of
the recommended daily intake (DI), where 20% DI or more of a nutrient per serving is
considered high from USA [35], qualifying it as “high in dietary fiber”. The insoluble dietary
fiber in the snack primarily comes from the mango peel, while the soluble dietary fiber is
derived mainly from the oat content [37]. The nutritional properties and quality of fiber are
influenced by the composition and ratio of soluble and insoluble fractions; oats contain
over 50% soluble fiber [38], whereas mango peel and pulp are richer in insoluble fiber [39].
However, a 40 g serving of the oat-mango snack contains 6.5 g of sugars, representing 26%
of the daily value recommended by the World Health Organization (maximum 25 g/days).
This suggests that sensory studies should be conducted to reduce the 15% added sugar
content and assess its impact on acceptability.

Fiber-rich by-products such as oatmeal and mango can be incorporated into food
products as substitutes for flour, fat, or sugar, enhancing water and oil retention and im-
proving emulsion and oxidative stability [38]. Dietary fiber plays a crucial role in the body,
it helps reduce glucose absorption in the bloodstream, leading to better insulin control and
maintaining a healthy intestinal ecosystem, among other benefits [16]. The consumption of
foods with soluble dietary fiber (SDF) to a total dietary fiber (TDF) ratio of 0.5 is associated
with these positive characteristics [40]. In the optimized oat-mango snack, this ratio was
0.22, indicating a higher contribution of insoluble dietary fiber (Table 8).

In recent years, the food industry has increasingly focused on developing products that
contain bioactive ingredients, utilizing by-products from fruit processing and marketing
them as functional foods. These foods offer health benefits beyond basic nutrition, often
due to the inclusion of bioactive compounds. Our study found that the oat-mango snack
has a phenolic content of 3.4 mg of GAE per gram (Table 7), comparable to the 5.3 mg of
GAE per gram reported by [4] for bread made with mango peel flour.

Mango peel, a significant contributor to our oat and mango snacks, is rich in antioxi-
dant phenolics and tannin compounds. Tannin incorporation was meticulously considered
in our mixture combinations, resulting in a snack with beneficial properties that boasted
2.2 mg of catechin per gram (Table 7). Although specific values for tannin consumption are
unavailable, it is generally recommended not to exceed 2.5 g per day [41].

The antioxidant capacity of the optimal oat and mango snack was 41.4 μmol ET·g−1

(Table 8), this value is in a range of results found in various foods [33,34,42]. It is important
to note that the antioxidant capacity of a product is influenced not only by the content of
phenolic compounds but also by the presence and levels of other bioactive compounds [40].

The optimized oat-mango snack offers benefits with its excellent physical, chemical,
and physicochemical qualities (Table 8). Products with water activity (Aw) values less
than 0.3, such as our snack, exhibit superior stability due to the low availability of water,
which inhibits microbial growth and reduces biochemical changes during storage and
distribution [43]. The low Aw value in the oat-mango snack was achieved using mango
peel, oats, and dehydrated ingredients, with only the moisture from the mango pulp being
added. Additionally, the snack achieved 22◦Brix and 60.6 N, values comparable to those
reported for cookies made with 20% mango peel flour [44].

The color of food plays a crucial role in its marketing and consumption. An appealing
color can enhance a product’s acceptability, often independent of its flavor and nutritional
content [45]. The oat-mango snacks exhibit orange hues (Figure 2), characteristic of both
the pulp and peel of the mango [46,47]. These snacks display luminosity values of 57.2,
chromaticity of 41.6, and a hue angle of 79.1, indicating that the optimized snack appears
dark orange due to the heat treatment during baking at 180 ◦C. In contrast, Ataulfo mango
pulp, fresh ripe, has luminosity values of 60.6, chromaticity of 63.4, and a hue angle of
62.9 [44]. Ref. [47] reported a luminosity of 51.5 and a hue angle of 55.7 for Ataulfo mango
pulp powder. The color values for the oat-mango snack align closely with those of the
Ataulfo mango, falling within similar orange ranges. The combination of the ingredients
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and the baking process results in lower color saturation and a slight product darkening, as
reflected in the reduced luminosity values.

 

Figure 2. Picture and the color variables in the oat-mango snack.

3.6. Microbiological

The feasible oat-mango snack demonstrated acceptable microbiological quality, at-
tributed to the high quality of the ingredients and the baking process conducted at 180 ◦C.
No presence of Escherichia coli, total coliforms, fecal coliforms, fungi, or yeasts was de-
tected. Additionally, Salmonella spp. was absent in 25 g of the sample, and only 50
colony-forming units of aerobic mesophiles were found per gram, significantly below the
limit of 30,000 CFU·g−1 established for cookies according to NMX-F-006-1983 [48]. Fur-
thermore, the aerobic mesophile counts are acceptable for cereal-based foods, edible seeds,
flours, semolina, mixtures, and bakery products NOM-247-SSA1-2008 [32].

4. Conclusions

From a technological standpoint, the oat and mango snacks offer acceptable nutri-
tional and nutraceutical benefits and low water activity (Aw) values that enhance stability.
The optimal formulation identified through the optimization process for the specified study
region consists of 44.1% oats, 6.5% mango peel, and 28.5% mango pulp. The mixture yields
a snack rich in protein, high in dietary fiber, and contains significant phenolic compounds;
however, adjustment of the added sugars is necessary. Ultimately, it successfully elaborates
a snack that is microbiologically safe, nutritious, easy to handle, visually appealing, and
capable of maintaining its shape during distribution. The stability of this product ensures a
longer shelf life, making it an attractive option for food product developers, including food
design and nutrition innovation. Moreover, this approach opens new avenues for utilizing
mango peel as a valuable ingredient in fortified foods for human consumption. However, it
is crucial to continue research on suitable packaging and shelf life for the mango oat snack
to ensure it retains its nutritional and nutraceutical quality as much as possible.
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Abstract: Rice bran oil is recommended by the World Health Organization as one of the three major
healthy edible oils (along with corn and sesame oils), owing to its unique fatty acid composition and
functional components. This study screened, organized, and analyzed a large number of studies
retrieved through keyword searches, and investigated the nutritional value and safety of rice bran
oil. It reviews the stability of raw rice bran materials and the extraction and refining process of
rice bran oil and discusses food applications and sub-health regulations. Research has found that
a delayed stabilization treatment of rice bran seriously affects the overall quality of rice bran oil.
Compared with traditional solvent extraction, the new extraction technologies have improved the
yield and nutritional value of rice bran oil, but most of them are still in the research stage. Owing to
the lack of economical and applicable supporting production equipment, extraction is difficult to
industrialize, which is a challenging research area for the future. Rice bran oil has stronger antioxidant
stability than other edible oils and is more beneficial to human health; however, its application scope
and consumption are limited owing to the product price and lack of understanding. Rice bran
oil has significant antioxidant, anti-inflammatory, anti-cancer, hypoglycemic, lipid-lowering, and
neuroprotective effects. Further exploratory research on other unknown functions is required to lay a
scientific basis for the application and development of rice bran oil.

Keywords: rice bran oil; nutrition; new oil extraction; improve food characteristics; biological activity

1. Introduction

Rice is the world’s second-largest food crop after wheat. The crop is grown in 114 coun-
tries, and more than 650 million tons are produced annually. Although China’s rice planting
area ranks second globally, its total output ranks first, and its yield per unit area is approx-
imately 50% higher than the world average [1]. By 2023, China’s total rice production is
expected to reach 210 million tons, accounting for approximately one-third of the world’s
output. Many types of rice are cultivated in China, and the proportion of irrigated areas is
much higher than the world average [2]. These varieties are famous for their high yields
and high quality. Rice is the world’s leading cereal crop and serves as the staple food for
approximately half of the global population [3].

Rice bran is an underutilized byproduct of brown rice milling, accounting for 5% to
10% of the total rice mass fraction. The crop is enriched in lipids (12–23%), protein (14–16%),
and crude fiber (8–10%) [4]. It also contains abundant non-starch polysaccharides, vitamins,
minerals, phenolic acids, flavonoids, tocopherols, tocotrienols, and γ-glutamine [5]. One
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of the most common utilizations of rice bran is the extraction of rice bran oil. Among all
vegetable oils, rice bran oil is rich in antioxidant compounds that provide several beneficial
properties [6]. The lipids are extracted into the pale yellow and translucent rice bran oil,
which has a slightly nutty taste. Rice bran oil is typically composed predominantly of
triglycerides (81–84%), with small quantities of monoacylglycerol (1–2%), diacylglycerol
(2–3%), free fatty acids (FFAs, 2–6%), waxes (3–4%), glycolipids (0.8%), phospholipids
(1–2%), and unsaponifiable matter (4%) [7]. The World Health Organization (WHO),
China Grain and Oil Association, American Heart Association, Indian Council of Medical
Research, and National Institute of Nutrition of India have all described rice bran oil as a
“healthy” edible oil [8].

Owing to the lack of systematic and comprehensive discussions on the characteristics
and applications of rice bran oil in the literature, in this study, the nutritional and safety
qualities of rice bran oil were analyzed, and the stabilization of rice bran raw materials and
the extraction and refining process of rice bran oil were reviewed. Finally, its application in
food and sub-health regulations is discussed.

2. Methodology

In this review, the nutritional characteristics, raw material safety, extraction and
refining technology, application in food, and physiological function of rice bran oil were
comprehensively and systematically studied and discussed. Key databases, such as Web of
Science, PubMed, X-MOL, MDPI, and Springer, were selected to ensure a comprehensive
and in-depth search of relevant studies. The keywords of the literature search were rice
bran oil, nutrition, stabilized rice bran, extraction, application, and biological activity. First,
duplicate and non-English studies were mostly removed, and the title and abstract were
carefully checked to confirm whether they met the criteria. The studies were then classified
according to the predetermined titles, and studies from 2020 to 2024 were selected. Finally,
the selected studies were summarized and analyzed. A total of 98 out of 268 articles were
selected, forming a solid basis for this review.

3. Nutritional Quality of Rice Bran Oil

Rice bran oil is a nutrient-rich vegetable oil. The fatty acid composition, γ-glutamate,
vitamin E, plant sterols, and phenolic compounds are conducive to human absorption, with
a rate exceeding 90%. The primary nutritional components are listed in Table 1.

Table 1. Main nutrients of rice bran oil.

Nutrient Composition Content Reference

Triglyceride 81~84%

[9]

Diglycerol 2~3%
Monoglycerin 1~2%
Free fatty acid 2~6%

Wax 3~4%
Glycolipid 0.8%

Phospholipid 1~2%
γ-Glutamin 0.9~2.9%

[10]
Tocopherol 0.10~0.14%
Phytosterol 2~3%
Sterol ester 2.8~3.1%

Saturated fatty acid 23.63~24.7%

[11]

Palmitic acid 13.9~27.4%
Stearic acid 1.5~4.7%

Monounsaturated fatty acids 43.71~44.3%
Oleic acid 35.9~49.2%

Polyunsaturated fatty acids 31~33.6%
Linoleic acid 27.3~41.0%
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The contents of unsaturated fatty acids in rice bran oil extracted from different varieties
or strains of rice vary. In one study, the three most abundant and health-related unsaturated
fatty acids (oleic acid, linoleic acid, and alpha-linolenic acid) were freely present in rice bran
oil from the nine parent lines (two sterile male lines and seven male lines) and seven
hybrid rice lines. The hybrid lines had the highest oil contents, whereas the male lines
had the highest contents of two of the three free unsaturated fatty acids (linoleic and oleic
acids) [12]. After fermentation of rice bran with lactic acid bacteria (Lactobacillus acidophilus,
L. bulgaricus, and Bifidobacterium bifidum), the nutritional content of rice bran oil changed
significantly, with increases in total protein (29.52%), fat (5.38%), ash (48.47%), crude fiber
(38.96%), and water (61.04%). The carbohydrate content was reduced (36.61%). Increased
contents of free amino acids, total phenols, tannins, flavonoids, γ-oryzanol, vitamin E, and
antioxidant activities have been described [13].

3.1. Free Fatty Acids (FFA)

The unsaturated fatty acid contents of edible vegetable oils from different raw materi-
als differ significantly (Figure 1). The saturated, monounsaturated, and polyunsaturated
fatty acids ratio in rice bran oil is 0.6:1.1:1, which is close to the golden share ratio advocated
by the WHO and is a hallmark of “healthy” edible oils [14]. The triglycerides in rice bran
oil are mainly composed of the following three fatty acids: palmitic acid (C16:1), oleic acid
(C18:1), and linoleic acid (C18:2). These fatty acids accounted for more than 90% of the total
fatty acids in rice bran oil. Oleic acid is the most abundant FFA in rice bran oil, accounting
for 42% of the total triglycerides, followed by linoleic acid (32%); however, myristic and
stearic acids are relatively limited [9]. The fat content of Indian rice bran is as high as 24%
and is mainly composed of oleic acid (48.48%), linoleic acid (35.26%), palmitic acid (14.54%),
and FFAs (8.15%), with abundant antioxidants, including glutamic acid, tocopherol, and
tocopherol [15].

 

Figure 1. Contents of unsaturated fatty acids in common edible fats (average value).

3.2. γ-Oryzanol

In addition to fatty acids, rice bran oil contains non-saponifiable lipids with a high
nutritional value. The most important of these lipids is γ-oryzanol. Oryzanol lipid-
binding protein is composed of ferulic acid and phytosterols. The γ-oryzanol constituent
2,4-methylenecycloartanyl ferulate is abundant in purified rice bran oil. We have also de-
scribed two additional novel γ-oryzanol compounds in rice bran oil, as follows: cyclobranyl
ferulate and cyclosadyl ferulate [16]. Crude rice bran oil contains methyl ferulate (0.3%), cy-
cloxybromelane ferulate (0.14%), 24-methylene cycloxybromelane ferulate (0.56%), ferulate-
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canolasterol (0.49%), and β-sitosterol ferulate (0.24%) [17]. The content of γ-oryzanol in rice
bran oil ranges from 0.20% to 2.72%, owing to different rice varieties, weather, and planting
areas [18]. γ-Oryzanol is unstable under high-temperature conditions (above 100 ◦C) and
can also be lost under the influence of chemical solvents [19].

3.3. Vitamin E

Plant sterols comprise 4-methyl-free sterols, 4-methyl-sterols, and 4,4′-dimethyl-sterols.
The main non-methyl-sterols are B-sitosterol, stigmosterol, and rapeseed sterol [20]. Plant
sterols, which mainly exist in plant seeds, are structurally similar to animal sterols. The only
differences were the number of methyl groups associated with c-4 and the number of c-11
side chains [21]. Slight differences in these side chains result in differences in physiological
functions [22]. Rice bran oil contains a large number of phytosterols, including β-sitosterol
(0.90–1.70%), canola sterol (0.50–0.66%), and stigasterol (0.27–0.25%). These sterols have
antioxidant properties and constitute a central portion of the non-juice component of
nutritional supplements [23].

3.4. Phytosterol

Plant sterols are divided into 4-methyl-free sterols, 4-methyl-sterols, and 4,4′-dimethyl-
sterols. The main non-methyl-sterols are B-sitosterol, stigmosterol, rapeseed sterol, and so
on [24]. The structures of plant sterols, which mainly exist in plant seeds, are similar to
those of animal sterols. The only difference was the number of methyl groups associated
with c-4 and the difference in the c-11 side chain. Slight differences in these side chains
result in different physiological functions [25]. Rice bran oil contains a large number of
phytosterols, including β-sitosterol (0.90–1.70%), canola sterol (0.50–0.66%), and stigasterol
(0.27–0.25%). These sterols have antioxidant properties and constitute the main portion of
the non-juice component of nutritional supplements [26].

3.5. Phenolic Compounds

Rice bran oil is rich in phytochemicals, including vitamins, cereals, fatty acids, and
phenolic compounds [27]. Phenolic compounds in rice bran oil may reduce oxidative stress
and cardiovascular disease risk factors by lowering low-density lipoprotein cholesterol
levels [28]. In one study, the content of free phenols in bran oil increased gradually with
increasing storage time, the contents of combined phenols and total phenols first increased
and then decreased, and antioxidant activity was also significantly affected. The total
phenolic content of the rice bran oil did not exceed 2 mg/100 g [29].

4. Safety Quality of Rice Bran Oil

Rice bran has good prospects for processing into rice bran oil because it is rich in
unsaturated fatty acids (oleic acid, linoleic acid, etc.) and healthy bioactive substances. How-
ever, the hydrolysis and oxidation rancidity of these lipids during storage are significant
problems that directly affect the quality of rice bran oil.

4.1. Oil Oxidation Mechanism

There are three mechanisms for oil oxidation (Figure 2) [30]. The first is autooxidation,
which is the reaction of free radicals between activated alkene-containing substrates and
ground-state oxygen (Figure 2a). Autooxidation includes the following three stages: chain
initiation, chain transfer, and chain termination. The second mechanism is photosensitive
oxidation, which is the direct oxidation reaction between unsaturated double bonds and
singlet oxygen under the action of a photosensitizer (Figure 2b). The reaction forms a
six-membered ring transition state, forming a trans-configuration of hydroperoxide. The
third mechanism is reactions that occur in fats, as catalyzed by two types of enzymes
(Figure 2c). One is the specific action of fat oxidase on polyunsaturated fatty acids with
1,4 cis and cis-pentadiene structures. The other is the keto-type spoilage caused by the
action of enzymes produced by some microorganisms during reproduction that mainly
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occurs between the α- and β-carbon positions of saturated fatty acids and is also known as
the β-oxidation reaction. Oleic acid and linoleic acid account for more than 70% of the FFAs
in rice bran oil and are the main causes of oxidation of rice bran oil (Figure 3). In the oleic
acid molecule, the hydrogens of the 8- and 11-position carbon atoms have the same activity;
therefore, it can generate two different free radicals and four kinds of hydroperoxides. In
the linoleic acid molecule, because only the 11-position hydrogen is particularly active,
only one free radical and two hydroperoxides are generated.

 

 

Figure 2. Three mechanisms for oil oxidation: (a) automatic oxidation; (b) photothermal oxidation;
and (c) enzymatic hydrolysis and β-oxidation.
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Figure 3. Oxidation mechanism for oil: (a) oleic acid; (b) linoleic acid.

FFA content and peroxidation value (PV) are essential indices for evaluating the
degree of rancidity of rice bran [31]. In the oil oxidation mechanism, the oxidation rate
of rice bran oil is directly proportional to the number of double bonds in unsaturated
fatty acids, oxygen partial pressure, temperature, surface area, water activity, light, lipase
activity, and some metal elements. Therefore, the stabilization treatment of rice bran mainly
reduces the hydrolytic rancidity reaction and inhibits the growth of FFAs by passivating
lipase activity and reducing water activity (Table 2). These actions prolong the shelf
life of rice bran [32]. The latter authors reported that after 14 days of storage at room
temperature, the levels of bioactive compounds and functional lipids (25 acylglycerols
and 53 phospholipids) were significantly reduced. These significant reductions indicated
a rancid process. Phospholipid and glycerolipid metabolic pathways are key for lipid
metabolism [33]. Therefore, stabilizing rice bran is key to improving the safety of rice
bran oil.

Table 2. Techniques and characteristics of rice bran stabilization.

Stabilization Technique Advantages and Disadvantages

Vapor treatment The stabilization effect is general but increases the moisture content
and requires further drying.

Hot air drying It reduces the moisture content of rice bran, and the stabilization
effect is better, but the treatment time is longer.

Microwave treatment
The stabilization effect is better, and the content of active

ingredients can be increased, but the uniformity of treatment needs
to be further improved.

Infrared radiation The lipase inhibition rate is very high, and the stability effect is very
good, but the uniformity needs to be improved.

Coupled processing The stabilization effect is the best, but the processing cost is higher.
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4.2. Stabilization of Rice Bran

Rice bran is rich in nutrients and contains many bioactive compounds that benefit
health. However, the rapid deterioration of rice bran limits its development and utilization.
Hydrolytic rancidity is the main obstacle in rice bran extraction. The only way to prevent
the hydrolytic rancidity of rice bran is to promote enzyme inactivation [34]. Microwave
pretreatment stabilizes rice bran and increases its phytochemical content. In one study,
when rice bran was treated with 440 W of microwave radiation for 2.5 min, increases were
evident in antioxidant activity (0.5-fold), total phenolic contents (1.3-fold), total flavonoid
contents (0.9-fold), total γ-oryzanols (1.6-fold), and total phytosterols (1.4-fold). Further-
more, phytochemicals were enhanced, especially trans-p-coumaric acid (10.3-fold) and
kaempferol (8.6-fold) [35]. In the microwave-assisted stabilization of rice bran from the
Ariete, Teti, and Luna varieties of rice (three commercial Carolino rice cultivars, Ariete,
Luna, and Teti, grown in Portugal in the Mondego, Sado, and Tejo River valleys, respec-
tively), oil was extracted, and the effects of rice bran stability on γ-aminobutyric acid
(GABA) and γ-glutamate compounds were studied. The stability of LUNA rice bran did
not significantly affect these two components. The content of γ-glutamate in the ARIETE
and TETI varieties decreased by 34.4% and 24.2%, respectively, and GABA increased by
26.5% and 47.0%, respectively. However, the γ-glutamate content of rice bran oil is not
affected by its stability of rice bran [36].

In another study, four methods of treating rice bran were compared, including steam-
ing, hot air drying, microwave treatment, and a combination of microwave and heat
treatment, and the rice bran was stored at room temperature for 50 d. The results showed
that the combined microwave treatments had the best effects on the oxidation stability of
rice bran; FFAs and PV were the lowest, as was the increment. Microwave-treated rice
bran has the highest total phenol and γ-glutamate, antioxidant activity, and half-maximal
inhibitory concentration (IC50) value [31]. The stabilization of rice bran using infrared
radiation heating can improve the quality of rice bran oil. In one study, when rice bran
was stabilized using infrared radiation at 125 and 135 V for 5 to 10 min, lipase activity
was the lowest (inhibition rate 93~96%), γ-oryzanol and α-tocopherol contents were not
significantly changed, and the increases in FFA content and PV were completely inhibited
after storage at 38 ◦C for eight weeks [37].

5. Extraction and Refining of Rice Bran Oil

In industrial production, the traditional process for extracting rice bran oil is solvent
extraction. The crude oil obtained is refined through processes such as deacidification,
deodorization, decolorization, and degumming to obtain rice bran oil. The byproducts of
the refining process can be used to extract various active substances, such as γ-oryzanol,
tocopherol, and plant sterols (Figure 4).

Figure 4. Two extraction processes for rice bran oil.
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5.1. Extraction Technology of Rice Bran Oil

The extraction of rice bran oil is usually achieved through solvent extraction. N-
hexane is the primary solvent because of its high solubility, low boiling point, and low cost.
However, residual organic solvents can easily cause poisoning in humans. It was reported
that with isopropyl alcohol and cyclohexane as extraction solvents instead of n-hexane,
the peroxide, acid, iodine, and fatty acid compositions of rice bran oil were significantly
lower than those of n-hexane. In contrast, the glutamine and total sterol contents increased
to 2.7% and 5.1%, respectively [38]. The liquid–solid extraction of rice bran oil with ethyl
acetate and ethanol was more compatible with the oil compounds in the rice bran and had
a lower viscosity. Ethyl acetate had a higher extraction rate at the beginning and reached
its highest yield within a short time [39] (Table 3).

Table 3. New rice bran oil extraction technology.

Extraction Technology Advantages and Disadvantages

Enzyme-assisted extraction

The reaction conditions are relatively mild, do
not damage the quality of rice bran oil, and can
also improve the availability of physiologically
active components. However, enzyme activity

and stability need to be further improved.

Ultrasonic-assisted extraction

It has a low temperature, fast extraction rate,
and no change in the chemical composition

and structure of nutrients and can also
promote the extraction of active substances.

Supercritical and subcritical CO2 extraction

The extraction time is short, the solvent usage
is low, and the oil yield and antioxidant activity

are higher, but the equipment cost of this
technology is relatively high.

Microwave-assisted extraction

Lipase activity inhibition is effective and does
not damage nutritional components, making it
a promising method for extracting rice bran oil,
but be careful to control the microwave power

and temperature.

Subcritical fluid extraction
It can simultaneously inactivate lipase and

extract rice bran oil in a short period of time,
but equipment costs are high.

CO2 expansion liquid extraction

Mild conditions and the minimal use of organic
solvents allow for the extraction of

impurity-free rice bran oil without the need for
refining, but equipment costs are high.

Mechanical pressing is a conventional extraction technique that does not involve heat
treatment or any organic solvent and is less expensive than solvent extraction. In addition,
the oil extracted using this method has better nutritional characteristics and is safer, thereby
increasing the value of cold-pressed vegetable oil. New combined technologies have
emerged to improve the efficiency and quality of rice bran oil. These include enzyme-
assisted extraction, ultrasound-assisted water extraction, supercritical and subcritical CO2
extraction, microwave-assisted extraction, and subcritical fluid technology. All these have
broad application prospects [40].

5.1.1. Enzyme-Assisted Extraction

The addition of specific enzymes (cellulase, pectinase, and protease) to destroy the cell
wall and release active substances significantly improves the extraction rate. Most of the
properties are the same as those of the solvent extraction of rice bran oil, but the content
of colored substances is lower and the acidity (FFA) is higher [41]. The highest yield of
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rice bran oil was 75% using alkaline protease, hemicellulase, pentosan complex enzyme,
and papain [42]. Micron rice bran oil bodies were obtained by combining xylanase with
the plant extraction enzyme at a ratio of 2:1 (w/w), an additional amount of 3%, a pH of
5.0, and an enzymolysis time of 1.5 h [43]. The grain size of rice bran oil extracted using
enzyme-assisted NaHCO3 was smaller, and the content of the β-folding structure was
higher, which was conducive to the stretching and aggregation of protein spatial structure
and better physical stability [44]. The specificity of the enzymatic reaction was high, the
reaction conditions were mild and easy to control, and the extraction time was shortened.
The surface protein of the rice bran oil body is not destroyed, the stability of the rice bran oil
is good, its structure is complete, and the availability of physiologically active components
can be improved.

5.1.2. Ultrasonic-Assisted Extraction

Ultrasonic waves transmit high-frequency signals and convert them into high-frequency
mechanical oscillations. The intense flow of the solvent produces tiny bubbles, and the
closure of the bubbles produces shock waves that improve the permeability of the material
surface. The extraction rate of rice bran oil was close to that of Soxhlet extraction when
the ultrasonic-assisted extraction technology was at pH 12, the temperature was 45 ◦C,
the stirring speed was 800 r/min, the stirring time was 15 min, the ultrasonic treatment
time was 70 min, and the ultrasonic treatment temperature was 25 ◦C [45]. However, the
content of ω-6 polyunsaturated fatty acids (especially 9, 12-octadecadienoic acid (Z,Z)-fatty
acids, namely, linoleic acid (64.19%)), in rice bran oil extracted through ultrasonic-assisted
extraction was higher than that of hexane extraction [46]. Ultrasound-assisted solvent
extraction shortened the homeostasis time from 15 min to 1 min and significantly increased
the yield of rice bran oil and γ-oryzanol [47]. The technology has a low temperature,
saves considerable energy, is a simple extraction process, improves the extraction rate,
and reduces production costs. Low-temperature extraction does not change the chemical
composition and structure of nutrients, promotes the extraction of active substances, and
improves the nutritional value of rice bran oil.

5.1.3. Supercritical and Subcritical CO2 Extraction

In the supercritical state, the supercritical fluid comes into contact with the substance
to be separated, and the components of polarity, boiling point, and molecular weight are
selectively and successively extracted. When the pressure exceeded the critical point, the
CO2 fluid significantly increased the conversion rate of phytosterols to 93.2% and the
retention rate of vitamin E to 80.0% [48]. The yield of the subcritical CO2 extraction of rice
bran oil was lower than that of hexane extraction, but the tocopherol and glutarol contents
in the rice bran oil extracted were approximately 10 times those of hexane extraction,
and the FFA and peroxide values were significantly reduced [49]. The contents of total
flavonoids and total polyphenols increased, reaching 61.28 μmol GAE/g and 1696.8 μmol
EC/g, respectively [50]. This technology has a short extraction time, less solvent use,
and higher safety, oil yield, and antioxidant activity. However, the technology has a high
equipment cost and is not suitable for industrial applications. Subcritical CO2 combined
with Soxhlet extraction overcomes the disadvantage of supercritical CO2 extraction by
maintaining solubility under high pressure.

5.1.4. Microwave-Assisted Extraction

High-frequency microwaves produce dipole eddy currents, ion conduction, and high-
frequency friction; generate a large amount of heat in a short time; and accelerate solvent
penetration into the material. When the microwave power was 200–560 W, the microwave
time was 30–120 s, the solvent bran ratio was 1.6–3 mL/g, the overall oil quality obtained
using microwave-assisted extraction was better than that obtained using conventional
solvent extraction, the α-tocopherol and antioxidant activities were significantly increased,
the free fatty acids were significantly decreased, and the extraction speed was faster [51].
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Using ethanol, d-limonene, and other green solvents as substitutes for n-hexane, the
microwave-assisted extraction of rice bran oil afforded the highest yield of 24.64% and
consumed less energy [52]. Microwaves can reduce or even deactivate lipase activity in rice
bran and do not destroy fatty acids, cereals, and other nutrients in rice bran oil, making it a
promising alternative to the traditional method.

5.1.5. Subcritical Fluid Extraction

Using the principle of phase dissolution, fat-soluble components are extracted via
molecular diffusion between materials and subcritical fluids. Under the conditions of 40 ◦C,
20 MPa, and 120 min, the oil yield of rice bran was 17.19% [53]. The oxidative induction
time and α-tocopherol content of safflower seed oil extracted using SFE were significantly
increased [54]. It simultaneously inactivates lipase and extracts stable rice bran oil within a
short residence time.

5.1.6. CO2 Expansion Liquid Extraction

High-pressure CO2 was added to a small amount of organic solvent to promote
the rapid expansion of its volume and extraction of lipids. Under the conditions of a
temperature of 25 ◦C, pressure of 5.1 MPa, CO2 molar fraction of 0.87, and CO2 expansion
of hexane 0.2 mol, the oil yield (25%) of rice bran was significantly higher than that of n-
hexane extraction (20%), the phosphorus content was 50 times lower than that of n-hexane
extraction, and the FFA concentration was reduced by 17% [55]. At 25 ◦C, 5.0 MPa, and a
CO2 molar fraction of 0.76, a phosphorus concentration of 4.2 ppm, oil yield of 23.7%, and
FFA of 9.60 wt% were obtained [56]. This extraction method has good gas solubility, mass
transfer, low viscosity, low condition temperature, and a smaller amount of organic solvent.
Thus, rice bran oil can be extracted without impurities or refining.

5.2. Refining Rice Bran Oil and Extraction of Bioactive Substances

The high acid value and dark color of rice bran crude oil make it difficult to refine rice
oil. Nutrients are readily lost during the refining process. In addition, the production of
trans-fatty acids, 3-chloropropanol ester, and other potentially harmful substances affects
the quality and safety of rice oil products. The rice oil refining process generally involves
deacidification, decolorization, deodorization, and triglyceride removal (Table 4). The
byproducts of rice bran oil refinement can also be used to extract bioactive substances, such
as γ-oryzanol and tocopherol.

Table 4. Refinement and extraction of active substances.

Processing Functions

Deacidification Remove free fatty acids
Decoloration Adsorption decolorization, bleaching

Deodorization Nitrogen removes odors
Glyceride removal Remove triglycerides

Extraction of γ-oryzanol and tocopherol Extracting active ingredients from refined byproducts

5.2.1. Deacidification

Rice bran oil usually contains many FFAs. Their removal has always been a challenge
in the refining process. Alkali refining and water steam distillation deacidification are
widely used in industry, but glycerolysis side reactions can easily occur. In one study, highly
acidic rice bran oil was deacidified with a glyceryl eutectic solvent. The deacidification
rate reached 94.5%, and the glycerolysis side reaction was prevented [57]. Magnetic carrier
starch nanoparticles (MDSNP) were obtained by combining dialdehyde starch nanoparti-
cles (DSNP) with modified Fe3O4. Magnetically immobilized Candida antarctic lipase B
(MDSNPCALB) was obtained by cross-linking the enzyme with the carrier. MDSNPCALB
was added to the degummed rice bran oil. Ethanolamine was used as an acyl receptor in the
acylation and deacidification reactions. After ten repeated uses, MDSNPCALB maintained
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high activity and could be effectively used to deacidify rice bran oil [58]. When CALB
was fixed on hydrophobic ordered mesoporous silicon, its catalytic activity increased by
6.6 times, temperature tolerance increased by 20 ◦C, 91.4% FFAs were removed in a series
continuous flow enzyme reactor, and plant sterol esters and diglycerides were increased by
9 and 12 times. The reported retention rate of γ-oryzanol was at least 40% higher than that
of traditional alkali refining [59]. Polyedopamine/hydroxyethyl methacrylate/acrylamide
hydrogel microspheres were deacidified through esterification with a fixed lipase as the
catalyst. A deacidification rate of up to 98.19% was achieved in 2 h, which was economical
and sustainable [60].

5.2.2. Decolorization

In one study, the decolorization rate of rice bran oil was 97.08%; the retention rates were
89.62% for glutamic acid, 90.16% for sterol, and 79.91% for vitamin E; and the adsorption
rate of benzo (a) pyrene was 95.98% with a 5% compound decolorization agent (active
clay/activated carbon = 5:1) [61]. Rice bran oil is rich in nutrients that benefit the human
body. However, the loss of nutrients is serious because of the difficulty of bleaching. The
color and quality of rice bran oil were reportedly significantly improved using ultrasonic-
assisted adsorbents (floroli silica soil, magnesium trisilicate, and active blended soil),
whereas the composition of micronutrients and fatty acids was maintained within an
acceptable range [62].

5.2.3. Deodorization

Rice bran oil contains a large amount of phytosterols, which are naturally active sub-
stances with various active functions that are beneficial to the human body. Deodorization
during refining affects the content of phytosterols. A comparison of the phytosterol content
in rice bran oil after deodorization with nitrogen and water vapor showed that nitrogen as
a stripping gas promoted the formation of phytosterol esters, reduced the production of
phytosterol oxidation products, and was more suitable for deodorizing rice bran oil [63].
The addition of sesamol to rice bran oil during deodorization inhibited glycerol formation.
When 0.05% sesamol was added, the inhibition rate of glycerol was close to that of 0.02%
tert-butylhydroquinone [64].

5.2.4. Glyceride Removal

Rice furoic acid oil is a byproduct of rice bran oil extraction. It comprises FFAs,
triglycerides, and a large amount of the natural antioxidant γ-oryzanol. Before the recovery
of γ-glutamate, enzymatic hydrolysis is an alternative to the traditional base-catalyzed
green triglyceride removal method with a removal rate of 99%. Subcritical water hydrolysis
at 220 ◦C for 10 min can achieve a high triglyceride removal rate of >95%, and the content
of γ-oryzanol is still acceptable (50%) [65].

5.2.5. Extraction of γ-Oryzanol and Tocopherol

γ-Oryzanol and tocopherol can be extracted from the fatty acid distillation residue of
the rice bran oil refining process. The concentration of tocopherol was reportedly increased
by approximately six times, with a recovery rate of 51.50% using methanol and ethyl
ketone (1:1). The recovery rates of tocopherol and γ-oryzanol were 92.15% and 84.12%,
respectively, and the initial concentrations of these phytochemicals were increased by
approximately three times [66]. γ-Tocotrienol and delta-tocotrienol are the most effective
natural radiation protection agents, which can be extracted from the distillate of rice bran
oil deodorant with 100% purity through the gradient elution of hexane-acetic acid (99.1:0.9)
and ethyl acetoacetic acid (99.1:0.9) [67]. The byproduct of the deodorized distillate from
rice bran oil contains squalene (approximately 8%) and phytosterol (approximately 4%)
as unsaponifiable substances. Phytosterol and squalene can be obtained with 97% purity
through supercritical fluid extraction combined with a solvent [68].

189



Foods 2024, 13, 3262

6. Application of Rice Bran Oil in Food

Rice bran oil has high stability, nutritional value, and gel properties, Therefore, it is
widely used in food(Table 5). The structure, concentration, and synergism of γ-glutenin,
polyphenols, phospholipids, phytosterols, and squalene give rice bran oil its unique prop-
erties [69].

Table 5. Application of rice bran oil in food.

Application Advantages and Disadvantages

Add to other oils Enhance stability
Fat replacement Preparation of gel instead of saturated fat

Nutritional supplementation Supplement plant sterols, etc.

6.1. Improved Quality of Other Edible Oils

The addition of 25% to 75% rice bran oil to soybean oil can inhibit oxidation and
degradation. FFA and PV remain within the recommended range for human consumption
during 12 months of storage, and thiobarbituric acid shows a similar trend to PV [70].
The thermal stability of rice bran oil and soybean oil in deep-oil frying of French fries has
been studied. In the first four heating cycles, the peroxide value of the two oils remained
below 10 meq/kg, and the acid value (<0.6 mg KOH/100 g) in the fifth cycle of rice bran
oil and the third cycle of soybean oil met the requirements. FFA and total polar material
showed significant stability after repeated heating, indicating the recoverability of the two
oils. The total saturated fatty acid content increased in rice bran oil, the unsaturated fatty
acid content decreased, and the stability was enhanced, indicating that rice bran oil was
more stable during the frying process [71]. When rice bran oil was added to flaxseed oil
at concentrations of 500, 1000, and 1500 ppm, the antioxidant capacity of flaxseed oil also
increased with the increase in rice bran oil [72].

6.2. Preparation of Gel to Replace Fat

With the development of gel technology, liquid vegetable oils have been converted
into solid fats, which have the functional and textural properties of solid fats and can be
used as potential substitutes for saturated and trans-fats. The mixture of β-sitosterol and
γ-oryzanol in rice bran oil can be used as a gel to construct an oil gel, which self-assembles
to form a fibrous network structure in the oil phase mainly through hydrogen bonding and
van der Waals forces (Figure 5). In the case of sterols only, the crystal structure of the oil gel
sample consists mainly of large flakes, and excessive sterols interfere with the self-assembly
of the three-dimensional gel network structure (Figure 5a). With the addition of γ-oryzanol,
the liquid oil is fixed by the spherular-shaped aggregate structure formed by the two, and
the network structure is composed of sterol flake crystals (Figure 5b). As the proportion
of γ-glutamate is increased, at a certain proportion, the two can form one-dimensional
tubules through self-assembly. These crystals grow radially to form a three-dimensional
network space dominated by a spherulite shape with a dense structure, and liquid oil is
deposited in an orderly manner in the lattice to form a solid oil gel (Figure 5c).

 

Figure 5. Preparation principle of sterol- and glutamate-mixed oil gels: (a) sterols only; (b) with the
addition of γ-oryzanol; and (c) from a solid oil gel.
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Oil gels have been studied and applied to many types of foods. In a study on the
processing of cookies with soy wax/rice bran oil gel instead of butter, the dough became
firmer as the amount of added oil gel increased. The prepared cookies had brown edges
and light-colored centers. In addition, with an increase in oil gel content, the surface cracks
of cookies increased correspondingly. Replacing up to 50% of butter with oil gel, which
was feasible, had no significant effect on the physicochemical properties of cookie dough
and cookies [73]. Replacing animal fat with oil gels composed of 25%, 50%, and 75% rice
bran wax and rice bran oil can improve the textural, sensory, and nutritional properties
of Thai sweet sausages. The higher the replacement ratio, the lower the cholesterol level
(p < 0.05). There was no significant difference in total unsaturated fatty acid levels between
the 50% and 75% oil gels. The optimal replacement ratio of oil gel was determined to be
50% [74]. The new oil gel was developed using sesame oil, rice bran oil, beeswax, and
stearic acid and had similar properties to margarine. The binding rate of oil was 99.99%,
showing higher oxidation stability than margarine, and a 3:1 ratio of beeswax and stearic
acid synergistically affected the properties of the oil gel [75]. By adding 50% rice bran
oil instead of shortening, the physical properties and sensory acceptability of the bread
maximally increased the quality of the bread [76]. The PV of oil gel prepared from mixed
oil, such as rice bran oil and rice bran wax, increased only slightly after 60 days of storage
at 6 to 7 ◦C. Therefore, mixed oil-based gels can be used as new structural oil substitutes
for chocolate sauce [77].

6.3. Supplementary Nutrition

As one of the main byproducts of the rice bran oil refining industry, rice bran gum is
mainly composed of phospholipids, which can be made into powdered rice bran lecithin
after bleaching with sodium chlorite to relieve the marketplace pressure of phospholipid
demand [78]. Rice bran oil and mango kernel fat were used to make a cocoa butter substi-
tute, with a 20% improved overall sensory acceptance and taste similar to that of control
chocolate [79]. A double emulsion prepared from rice starch, rice protein isolate, and rice
bran oil was reportedly used as a carrier, filler, and binder to enhance the physical, func-
tional, and sensory properties of food [80]. The viscosity, permeability, and water-holding
capacity of yogurt supplemented with rice bran oil and soybean protein nanoparticles
decreased with decreasing size of the nanoparticles. Compared with control yogurt, the
yogurt supplemented with soybean protein nanoparticles showed stronger anti-free radical
scavenging ability and reduced iron antioxidant properties [81]. Rice bran oil, curcumin,
and medium-chain triglycerides were ultrasonically treated into rice bran oil bodies, which
can effectively transfer hydrophobic nutrients. The 1.5 wt% preparation had the highest
encapsulation rate (87.67%), particle size (190 nm), storage stability, and bioavailability
(61.04%) [82].

7. Physiological Functions of Rice Bran Oil

Rice bran oil is rich in tocopherol, γ-glutamic acid, phytosterol, and unsaponifiable
substances, which are essential in antioxidant, anti-inflammatory, cancer prevention, and
nerve protection functions. These constituents improve the nutritional quality and promote
the value-added utilization of rice bran oil (Figure 6).
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Figure 6. Extraction process and physiological function of rice bran oil.

7.1. Antioxidant and Anti-Inflammatory Activities

The antioxidant and anti-aging ability of physically refined rice bran oil was reported
to be significantly higher than that of dissolved γ-oryzanol, α-tocopherol, and sitosterol,
and was superior to the mixture, indicating that the antioxidant and anti-aging effects of
physically refined rice bran oil were superior to those of the antioxidants derived from
rice bran oil [83]. The extraction of rice bran oil by hot pretreatment and cold pressing can
improve oil yield, oxidation stability, bioactive compounds, and antioxidant activity, with a
stronger inhibitory effect on cell oxidative stress induced by hydrogen peroxide [84].

Using purified rice bran oil as a lipid matrix model, different concentrations of α-
tocopherol, γ-oryzanol, and phytosterol significantly affected oxidation stability and free
radical scavenging ability. The inhibitory effect of phytosterol on α-tocopherol and hydro-
gen bond formation between γ-oryzanol and phytosterol was suggested to be mainly due
to the influence on the degree of synergism or antagonism of interaction [85].

Rice bran oil is rich in tocotrienol. The scavenging of tocotrienol on 2,2-diphenyl-1-
picrylhydrazyl free radicals was 53% at 100 mg/mL. Tocotrienol can effectively inhibit the
production of reactive oxygen species, inhibit the migration of neutrophils to inflammatory
sites, and upregulate the expression of the antioxidant genes superoxide dismutase and glu-
tathione peroxidase. Inhibiting the expression of pro-inflammatory factors, tumor necrosis
factor-alpha (TNF-α), interleukin (IL)-8, and cupric sulfate-induced inflammation have sig-
nificant antioxidant and anti-inflammatory effects [86]. Rice bran oil is rich in polyphenols.
Supplementation with 0.02% rice bran oil in lipopolysaccharide (LPS)-contaminated feed
can improve the antioxidant capacity of piglets exposed to LPS, increase the concentrations
of catalase and superoxide dismutase, increase the total antioxidant capacity, and decrease
the plasma concentrations of diamine oxidase and malondialdehyde [87]. In another study,
when elderly individuals with prehypertension were supplemented with 1000 mg of rice
bran oil daily for eight weeks, the plasma levels of malondialdehyde, glutathione disulfide,
and tumor necrosis factor-alpha (TNF-α) were significantly reduced, and the ratio of re-
duced glutathione to glutathione disulfide was significantly increased (all p < 0.05). The
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results indicate that the long-term consumption of rice bran oil can relieve oxidative stress
and inflammation in older adults with prehypertension [88].

In vitro, rice bran oil treatment was demonstrated to significantly reduce the levels of
the pro-inflammatory cytokines (IL-6 and TNF-α) in the culture supernatant of mouse cells,
upregulate the secretion of the anti-inflammatory cytokine IL-10, and inhibit the transcrip-
tion and activation markers of genes encoding the cyclooxygenase-2 and inducible nitric
oxide synthase inflammatory mediators in CD80 and INOS cells. The expression of CD86
and MHC-II and the increase in mitochondrial respiration demonstrated that rice bran oil
can regulate the inflammatory response of mouse macrophages by upregulating mitochon-
drial respiration [89]. Rice bran oil in male Wister rats and female Sprague–Dawley rats also
showed effective anti-inflammatory, analgesic, and antiarthritic activities, demonstrating
the therapeutic value of various bioactive ingredients, including γ-oryzanol [90].

7.2. Reduction of Blood Lipids and Prevention of Cardiovascular Diseases

Hyperlipidemia can lead to high blood pressure, high blood sugar levels, cardiovas-
cular disease, liver damage, and atherosclerosis. The main components of rice bran oil
(unsaturated fatty acids, triterpene alcohols, phytosterols, tocotrienols, and tocopherols) can
lower cholesterol levels. The consumption of rice bran oil can significantly reduce serum
total cholesterol, low-density lipoprotein cholesterol, and triglyceride levels [91]. After
consumption, rice bran oil mainly enhances the expression of the low-density lipoprotein
receptor cytochrome P450 family 7 subfamily member 1 and sterol regulatory element-
binding protein 2, promotes the excretion of fecal cholesterol and bile acid, and decreases
β-hydroxy β-methylglutaryl-CoA reductase and fatty acid synthase, thereby reducing
cholesterol absorption [92]. Tocotrienol from rice bran oil extract can significantly upreg-
ulate pparγ and cyp7a1 mRNA levels, significantly down-regulate cpt1a mRNA levels
(p < 0.01), increase the protein expression levels of Pparγ and Rxrα by two times, and
reduce the synthesis and storage of adipose tissue of zebrafish [93]. The active polyphenols
in rice bran oil can prevent cardiovascular diseases by improving the oxidative stress
mediated by free radicals [94]. Rice bran oil extract inhibits lipid uptake in vivo. It reduces
lipid accumulation in HepG2 cells, leading to the activation of AMPK and inhibition of the
signal transducer and activator of transcription 3, thereby inhibiting hyperlipidemia and
hepatic steatosis caused by a high-fat diet [95].

7.3. Cancer Prevention

After injecting diethylnitrosamine and 1,2-dimethylhydrazine into rats, rice bran oil
equivalent to 100 mg/kg body weight of γ-oryzanol 5 days per week for 10 weeks inhibited
precancerous lesions, including hepatic glutathione S-transferase placental positive lesions
and abnormal rectum lesions. Inducing apoptosis of hepatocytes and colorectal cells
and reducing the expression of pro-inflammatory cytokines also reportedly promotes
diethylnitrosamine- and 1,2-dimethylhydrazine-induced changes in rat gut microbiota,
such as an increase in the Firmicutes/Bacteroidetes ratio [96]. After the occurrence of colon
cancer induced by 1,2-dimethylhydrazine and sodium glucan sulfate, superoxide dismutase
activity and expression of the pro-inflammatory protein cyclooxygenase-2 in the colon of
rats were increased when 0.8% γ-oryzanol and unsaponifiable matter extracted from rice
bran oil were added to the diet. Chemically induced colon cancer in rats may be inhibited
by antioxidant and anti-inflammatory mechanisms, and unsaponifiable compounds may
be more effective than gamma-glutamate [97].

7.4. Neuroprotective Effect

1,3-Dipalmitoyl-2-oleyl glycerol (POP) is a triacylglycerol ester present in rice bran oil.
Oral administration of 1 5 mg/kg POP prevents middle cerebral artery occlusion/reperfusion-
induced glutathione depletion and lipid oxidative degradation in rat brains. It also signifi-
cantly inhibited the phosphorylation of p38 in the ischemic brain up-regulation of MAPKs,
inflammatory factors (inducible nitric oxide synthase (i-NOS) and cyclooxygenase-2 (COX-
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2)), and pro-apoptotic proteins (B-cell lymphoma-2 (Bcl-2) associated X protein (Bax) and
lysed caspase 3) and the down-regulation of anti-apoptotic protein (Bcl-1). The down-
regulation of phosphatidylinositol 3′-kinase (PI3K), phosphorylated protein kinase B (Akt),
and phosphorylated ring (adenosine monophosphate) AMP response element-binding
protein (CREB) in an ischemic brain was inhibited, suggesting that POP may play a neuro-
protective role by inhibiting p38 MAPK and activating the PI3K/Akt/CREB pathway [69].
Phytosterols are important bioactive compounds in rice bran and rice bran oil and are found
in rotenone-treated Caenorhabditis elegans. Sitosterol, ferulic acid, 24-methylene-ferulic
acid, and rapeseed ester in rice bran oil activate the DAF-16/FOXO pathway and increase
the neuroprotective effect of oxidative stress resistance induced by the overexpression of
the cell death protein 3 apoptosis protein [98].

8. Challenges, Limitations, and Future Research Directions

Rice bran, which is a byproduct of rice processing, has a large annual output. However,
because of its low cost and high susceptibility to spoilage (3–5 days), it is mainly used to feed
animals, with only 2–5% used as a raw material for rice bran oil processing. With increasing
economic development and health awareness, individuals are increasingly paying attention
to the health benefits and nutritional properties of vegetable oil, which is recommended
for its rich nutritional content. Different types of vegetable oils can be selected according
to individual physical conditions and nutritional needs to supplement more unsaturated
fatty acids and plant sterols. In terms of the nutritional quality evaluation of rice bran
oil, the analysis of bioactive components has been limited mainly to the analysis of γ-
oryzanol, phytosterols, and lipids. Analyses and the identification of hitherto unknown
small molecule active substances are lacking. Therefore, the health benefits of rice bran oil
require further investigation. Rice bran oil is rich in unsaturated fatty acids and various
bioactive components, which have been confirmed by many researchers. However, because
it has a higher price than soybean oil, a unique odor, and insufficient consumer awareness,
its consumption is limited. Therefore, research on low-cost and high-quality rice bran
oil processing technologies and supporting equipment, as well as consumer awareness
promotion and education, are effective ways to increase rice bran oil consumption.

N-hexane solvent extraction has become a mainstream production technology in
the rice bran processing industry due to its low cost. However, from the perspective of
nutritional characteristics and safety, under the premise of ensuring the yield and quality of
rice bran oil, increased research of emerging extraction and auxiliary technologies is needed,
as is an exploration of the potential combined use of the technologies. With technological
developments, new rice bran oil extraction technologies have emerged. The efficiency
and superiority of the extraction were mainly investigated in the experimental research
stage. Owing to the immaturity of the production equipment and higher equipment
costs, it is difficult to apply new technologies in production. Therefore, future research
should focus on efficient and low-cost emerging technologies that support equipment
production. Ultrasound-assisted extraction is very promising and highly recommended.
This technology is characterized by low temperatures and fast extraction, does not change
the chemical composition and structure of nutrients, and more importantly, promotes the
extraction of active substances.

With the gradual penetration of Western eating habits, foods containing light cream
are becoming increasingly preferred by Chinese people. In 2022, the output of China’s mar-
garine industry was approximately 192.75 million tons, with a demand of approximately
2.5297 million tons. Commercial butter is primarily plant-based cream, accounting for
approximately 80% of the total. Traditional vegetable cream (hydrogenated oil) has a high
content of trans-fatty acids, which increases the risk of cardiovascular disease, diabetes,
and other diseases. The use of trans-fatty acids has been restricted in many countries
worldwide. The mixture of β-sitosterol and γ-oryzanol in rice bran oil can be used as a
gel to construct an oil gel, which can convert liquid vegetable oil into solid fat and can
be used as an ideal alternative to traditional vegetable cream and improve the nutritional
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properties of the oil gel. Other applications of rice bran oil in the food sector have yet to be
further explored.

Rice bran oil is rich in tocopherol, γ-glutamate, phytosterol, and other unsaponifiable
substances, which have remarkable antioxidant, anti-inflammatory, cancer prevention,
and nerve protective effects. Future studies should prioritize reducing blood sugar and
lipid levels while also enhancing the intestinal environment. Correlation analyses of the
mechanism of action are needed. This study provides a scientific basis for the functional
evaluation and application of rice bran oil.
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