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Abstract: The main directions of research aimed at nutritional improvement have to face either excesses
or deficiencies in the diet. To this end, different strategies may be adopted, such as the reformulation of
products, the introduction of functional ingredients, and the application of biotechnology to increase the
bioavailability of bioactive compounds. These interventions, however, can alter the physico-chemical
and sensory properties of the final products, making it necessary to achieve a balance between nutritional
and quality modification. This Special Issue offers readers information on innovative ways to improve
the cereal-based foods and beverages, useful for researchers and for industry operators.

Keywords: functional foods; upcycling; byproducts; bioactive compounds; dietary fiber; new quality;
pulses; insects; bread; pasta

Increased consumer awareness of the effects of food in preventing nutrient-related diseases and
maintaining physical and mental well-being, has made nutritional improvement an important goal of the
food and beverage industry, including the cereal sector. To this end, different strategies may be adopted,
such as the reformulation of products, the introduction of functional ingredients, and the application of
biotechnologies to increase the bioavailability of bioactive compounds. These interventions, however, can
alter the physico-chemical and sensory properties of the final products, making it necessary to achieve a
balance between nutritional and quality modification.

The Special Issue “Qualitative and Nutritional Improvement of Cereal-Based Foods and Beverages”
collects 17 original research articles and one review aimed at exploring innovative ways to improve cereal-based
foods and beverages, an old—if not ancient—group of products which are still on our table every day.

In these articles, a wide range of very different food products is considered, such as bakery products
(including white bread, brown bread, durum wheat bread, tortilla, pizza base, muffins and biscuits), fresh
and dry pasta, extruded sticks and instant flours, fortified blended foods and Sunsik, the latter being a
traditional Korean beverage [1]. Cereal-based beverages, indeed, hold a long tradition and have become
known for their sensory and health-promoting attributes [2].

The main directions of research aimed at nutritional improvement have to face either excess or
deficiency in the diet. In the latter case, nutrient-rich foods with long shelf-life are needed to prevent
malnutrition, whereas in developed countries it is mostly required to decrease the energy value, sucrose,
salt, and increase dietary fiber content of foods to prevent obesity and nutrient-related chronic diseases
such as cardiovascular disease, hypertension, and diabetes mellitus. The 2030 Agenda for Sustainable
Development, adopted in 2015 by the United Nations, set the goals “to end hunger, achieve food security
and improved nutrition, and promote sustainable agriculture” (Goal 2) and “to ensure healthy lives and promote

Foods 2021, 10, 338; doi:10.3390/foods10020338 www.mdpi.com/journal/foods
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well-being for all at all ages” (Goal 3), recognizing non-communicable diseases (NCDs) as a major challenge
for sustainable development [3]. In addition, patients with obesity and other chronic underlying conditions
are at particularly high risk of developing severe COVID-19 complications [4].

The most natural way to improve the nutritional profile of cereal-based foods is to use wholemeal
flour, thus retaining all fiber and micronutrients of wheat caryopsis. Wholewheat flour is a valuable
raw material, irrespective of the milling system (stone milling or roller milling) [5]. Higher contents of
bioactives can be reached if purple wheat, whose debranning fractions are particularly rich in anthocyanins,
is used [6]. Fermentation further improves the nutritional features of wholemeal flours. Fresh pasta
prepared by mixing semolina with wholewheat sourdough shows higher content of free essential amino
acids and phenolic compounds, lower phytic acid content, and higher antioxidant activity, than control
pasta where non-fermented wholewheat semolina is used [7].

Another strategy consists in adding locally available ingredients to reformulate existing cereal-based
foods, in order to increase the nutritional value while diminishing the risk of genetic erosion of the
local crops and reduce imports. In this context, the leaf powder of Moringa oleifera, a plant originating
in India and Africa, which is rich in proteins, minerals, and phytochemicals, has been proposed as an
additional ingredient to improve the nutritional profile of white and brown bread [8] or fresh pasta [9].
The fortification with moringa leaf increases protein and iron content, but makes bread darker lowering
the consumer acceptability, although with a minor impact on brown bread. The addition of moringa
leaf powder to fresh pasta in the range 5–15% significantly increases the content of polyphenols even at
the lowest percentage. Similarly, legumes can be used which are rich in proteins and complement the
amino acid profile of cereal-based foods. Flour of Apulian black chickpeas, an autochthonous black-coated
chickpea cultivated in Southern Italy, rich in anthocyanins, has been added to various bakery products [10],
namely bread, “focaccia”—an Italian traditional bakery product similar to pizza [11], and pizza crust by
substituting flour in the 10–40% range. The rheological properties of dough worsen, resulting in harder
and darker final products. However, the nutritional features improve in terms of higher contents of fiber,
proteins, and bioactive compounds, as well as higher antioxidant activity [10]. In pasta, the addition of
chickpea and hemp flour, previously fermented and enzymatically treated, improves the nutritional profile
and protein digestibility, and reduces the sensory drawbacks and the antinutrients (tannins, phytates and
raffinose) [12].

Red quinoa or Taiwan djulis (Chenopodium formosanum Koidz.) can be used to develop sourdough
bread (20% djulis sourdough and 80% wheat flour) [13], whereas germinated wheat, in combination
with an extract of Achyranthes aspera and Acanthopanax, two plants used in Asian traditional medicine,
has been proposed to fortify Sunsik, a traditional ready-to-drink Korean cereal-based beverage made of
roasted brown rice, barley, adlay, oat, and black beans [1]. Amaranth (Amaranthus hypochondriacus L.) and
flaxseed (Linum usitatissimum L.), instead, have been added to corn-based instant-extruded products, to
meet the needs of nutritionally balanced ready-to-eat foods. The addition effectively increases lysine,
polyunsaturated fatty acids, minerals, and fiber of the end-products [14]. Seed flour of Brosimum alicastrum
Sw., a Mexican tree locally named “ramón,” characterized by high protein, dietary fiber, and micronutrient
content, has been added to wheat tortillas improving the healthy features while keeping pliability unaltered,
but with a browner color [15].

Insects are another valuable source of proteins which could be used to overcome the challenge of a
more sustainable food chain while improving the nutritional profile of end-products. Meal of winged
termites (Macrotermes bellicosus) has been added to biscuits prepared with sorghum and wheat flour [16].
Sorghum, which can be grown in tropical areas, makes this biscuit formulation viable in sub-Saharan areas,
where protein-energy malnutrition is a major health concern. A significant increase of proteins, minerals,
and amino acids is achieved, but biscuits become darker and less hard [16]. In the same geographic area,
fortified blended foods (corn-soy blends or wheat-soy blends) are used to prepare viscous porridges in
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supplementary feeding programs [17]. These food aids often result in products too viscous for being fed
to infants and young children, therefore it is needed to dilute them, lowering the nutritional value and
energy density. The addition of cowpea has been proposed, also in combination with extrusion cooking, to
obtain a porridge able to deliver the correct amount of nutrients at lower viscosities [17]. Extruded cooked
products are rehydrated easily without cooking [18], which is important to save energy sources.

The use of waste and byproducts from the food industry, where upcycling is becoming increasingly
important to improve sustainability, represents another mean for enhancing the nutritional and healthy
features of cereal-based foods [19]. Coffee silverskin, a byproduct from the coffee industry rich in dietary
fiber, proteins and bioactive compounds, has been used to produce extruded sticks based on cornmeal and
amaranth flour [20], whereas almond skins, a byproduct of almond-based confectionery industry, rich
in fiber and phenolic compounds, have been effectively considered as a functional ingredient in biscuits,
which become more friable but darker [19].

Finally, to meet the needs related to western lifestyle, the production of muffins containing agave syrup
instead of sucrose [21], and the reduction of the sodium content of bread by using a natural low-sodium
sea salt [22], have been proposed.

To sum up, this Special Issue gives an interesting contribution to the field and offers readers information
on several ways to innovate and improve the cereal-based foods and beverages, which can be useful both
for researchers and for industry operators. In most cases, the reformulation with additional ingredients
alters the sensory properties, therefore raising the need of communicating a “new quality” to consumers
to explain that the differences with conventional counterparts are largely compensated by improved
nutritional features.

Author Contributions: A.P. writing—original draft preparation; A.P., C.S. writing—review and editing; A.P., C.S.
funding acquisition. All authors have read and agreed to the published version of the manuscript.
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Abstract: The purpose of this study was to develop a formulation of Sunsik with improved health
benefits by adding germinated wheat (GW) and herbal plant extract (HPE) using a response surface
methodology (RSM). The central composite experimental design (CCD) was used to evaluate the effects
of Sunsik with added HPE (2–4%) and GW (10–20%) on total phenolic content (TPC), total flavonoid
content (TFC), Trolox equivalent antioxidant capacity (TEAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging capacity, gamma butyric acid (GABA) content, total color changes (�E), browning
index (BI), water absorption index (WAI), and water solubility index (WSI). As a result of the CCD,
the independent and dependent variables were fitted by the second-order polynomial equation,
and the lack of fit for response surface models was not significant except in relation to WSI. The GABA
content, TPC, and TEAC were more adequate for a linear model than for a quadratic model, and they
might be affected by GW rather than HPE. Alternatively, the TFC, DPPH radical scavenging capacity,
WAI, WSI, �E, and BI were fitted with quadratic models. The optimum formulation that could
improve antioxidant and physicochemical properties was Sunsik with 3.5% and 20% added HPE and
GW, respectively.

Keywords: cereal-based ready-to-drink beverage; convenient meal replacement (CMR);
germinated wheat; response surface methodology (RSM); gamma-amino butyric acid (GABA);
antioxidant properties

1. Introduction

Recently, the increase in single-person and double-income households has shifted consumers’
eating behaviors toward the increased consumption of home meal replacements (HMRs) or convenient
meal replacement (CMRs) [1]. As ready-to-eat foods, CMRs are a more convenient and simpler meal
replacement than HMRs, and they could reduce meal preparation and eating time. The CMR market
quadrupled from $600 million in 2009 to $2.3 billion 2019. In Korea, the proportion of single-person
households is expected to reach 35% of the total population in 2030, and the CMR market is expected
to continue to grow.

The types of CMR products are diversifying, such as to include liquid and powder grains, porridges,
and cereal bars. Among them, cereal-based beverages are a representative CMR product consumed
worldwide because they provide an efficient means to increase the intake of essential nutrients
among busy modern people. A few studies investigated the physicochemical and health-conscious
properties of various cereal beverages [2,3]. Bembem and Agrahar-Murugkar [2] reported that
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millet-based ready-to-drink beverages improved radical scavenging activity, total phenolic content
(TPC), and viscosity in the geriatric population. In another study, multigrain beverages prepared with
barley, oats, buckwheat, and red rice were identified as providing additional health benefits, such as
phenolic content and soluble fiber, to consumers [3].

Sunsik has been consumed for a long time as a cereal-based ready-to-drink beverage in Korea. It is
made of partially raw or thermal-processed and dried agricultural and marine products [4]. The most
common ingredients of Sunsik are roasted brown rice, barley, adlay, oat, and black beans [5]. With
the recent increase in the demand for healthy foods, much research has reported that additional
ingredients, such as various dried vegetables, nuts, and fruits, could be added to Sunsik to offer more
health-conscious nutrients [6–8]. For example, Park [8] reported that Sunsik with added mealworm
was higher in antioxidant capacities and in consumer preference than a control Sunsik. Regarding the
quality of ready-to-drink of Sunsik, it should disperse and dissolve well in water or milk within a few
minutes. Koh, Jang, and Surh [6] reported that fermented Sunsik had a higher soluble solid content,
oxidative stability, and amino acids than unfermented Sunsik, resulting in an improved solubility and
nutrient content. Although several studies reported enhancements in the quality and nutrient content
of Sunsik, there is limited information on the health benefits of Sunsik with added germinated wheat
(GW) and herbal plant extract (HPE).

Germination has been identified as an effective processing method to improve the nutritional
quality and health-related compounds of cereal [9]. In numerous studies, gamma amino butyric acids
(GABA) and phenolic acid compositions were increased as the germination time of wheat increased,
suggesting the possibility of GW as a health-conscious ingredient [10–12]. In addition, Dhillon et al. [13]
found that the antioxidant activity of and consumer preference for breads were improved when GW
flour at 30 ◦C for 72 h was partially used to make bread. The changes in the physiological and
biochemical properties of GW might be due to the activation of endogenous enzymes that break down
starch and protein into small molecules [14,15]. The activation of endogenous enzymes may also play a
role in increasing the solubility of Sunsik with added GW when it mixes with water or milk. In addition,
plant herbal medicines, such as Achyranthes aspera, safflower seed, and Acanthopanax, have been
used for the prevention of various diseases in traditional treatments in Asian countries [16,17]. It is
known that safflower seeds are rich in lignin, flavonoid, and serotonin and have excellent effects on
bone diseases, such as osteoporosis [18]. As previously published in many studies, the extracts of A.
aspera and Acanthopanax showed a reduced inflammatory effect and antioxidant capacities [19–22].
The above-mentioned herbal plant medicines are used not only for therapeutic purposes, but also by
adding them to various foods in the form of extracts to increase the health-related functions in the
food matrix, such as noodles, drinks, and cookies [23–26]. The HPEs, including A. aspera, safflower
seed, and Acanthopanax, used in this study confirmed previously the pharmacological effects on
osteogenic differentiation in human mesenchymal stem cells [27]. The mixture extracts of herbal plants
were freeze-dried and then were used in various food products of Gagopa Healing Food Co., Ltd.
(Changwon, Korea).

Currently, Sunsik with added GW flour and HPE is not available in the marketplace yet. Thus,
if GW and HPE are added to commercial Sunsik, which is conveniently used as ready to drink
beverage, the new Sunsik product might be more beneficial to health. The purpose of this study was to
determine the optimum formula amounts of GW flour and HPE powder for new Sunsik products as
cereal-based ready-to-drink beverages. To determine the optimum formulation of Sunsik, the response
surface methodology (RSM) was adopted using a central composite experimental design (CCD).
The antioxidant capacities, GABA, water absorption index (WAI), water solubility index (WSI), total
color changes (ΔE), and browning index (BI) were analyzed to optimize the health-conscious nutrients
and quality of Sunsik; then, the newly optimized Sunsik was compared with control Sunsik in terms of
various health-conscious and physicochemical properties.
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2. Materials and Methods

2.1. Materials

The Sunsik and HPE were provided from Gagopa Healing Food Co., Ltd. (Changwon, Korea).
The main ingredients of Sunsik consisted of 30% barley, 30% brown rice, 20% adlay, 10% black bean,
and 10% oat. In general, each cereal was steamed and then dry-roasted. The four roasted cereals were
pulverized in a batch for a production of the Sunsik. The Sunsik used in this study is being sold on
the market. Gagopa Healing Food Co., Ltd. (Changwon, Korea) found effects of HPE on osteogenic
differentiation through preliminary studies, and the results already published [27]. The HPE used
in this study is composed of safflower seed (85%), A. aspera (5%), manyprickle acanthopanax (5%),
and Kalopanax septemlobus (5%) [27]. In addition, the GW used in this study was prepared according to
preliminary experiments. Anzunbaengi wheat, which was cultivated in Jinju, Korea, was germinated at
17.6 ◦C for 46.18 h to enhance GABA. After germination, the GW was freeze-dried and then grounded
to powder. To develop a cereal-based ready-to-eat beverage to enhance health-related properties,
Sunsik was formulated with HPE and GW to maximize GABA and antioxidant capacities. The ranges of
HPE and GW used in this study were 2–4% and 10–20%, respectively, and the ranges were determined
based on samples of five points or more as a result of consumer acceptability (nine-point hedonic scale)
of Sunsik with added HPE or GW, respectively.

2.2. Experimental Design and Optimization of the Formulation

The amounts of HPE and GW were optimized using a CCD of an RSM [28]. The independent
values were studied at five different levels (− α, −1, 0, + 1, and + α), and the actual levels are presented
in Table 1.

Table 1. The coded levels and actual values of 13 experiments formulated with a central composite
design (CCD).

Experiment No.
Coded Levels Actual Values

X1 (HPE, g) X2 (GW, g) X1 (HPE, g) X2 (GW, g) Sunsik (g)

1 −1 −1 1 5 44
2 1 −1 2 5 43
3 −1 1 1 10 39
4 1 1 2 10 38
5 α(−) 0 0.79 7.5 41.71
6 α(+) 0 2.21 7.5 40.29
7 0 α(−) 1.5 3.96 44.54
8 0 α(+) 1.5 11.04 37.46
9 0 0 1.5 7.5 41
10 0 0 1.5 7.5 41
11 0 0 1.5 7.5 41
12 0 0 1.5 7.5 41
13 0 0 1.5 7.5 41

Table 1 and they were evaluated to maximize the GABA, total flavonoid content (TFC), TPC,
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity, Trolox equivalent antioxidant
capacity (TEAC), and WSI and to minimize the WAI, ΔE, and BI. The effects of the two independent
variables on the responses (Y) were modeled using the response surface regression, and they were
predicted by the following Equation (1) [28]:

Yk = β0 + β1X1 + β2X2 + β12X1 X2 + β11X2
1 + β22X2

2 (1)

where β0 is a constant, β1 and β2 are the linear coefficients, β12 is the interaction coefficient, and β11

and β22 are the quadratic coefficients. X1 and X2 are the levels of HPE and GW, respectively. Yk is the
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response variable, and each response variable is as follows; Y1 = GABA (μg/g), Y2 = TFC (μg CE/g),
Y3 = TPC (μg GE/100g), Y4 = DPPH (μM TE/100g), Y5 = TEAC (mM TE/100g), Y6 =WAI, Y7 =WSI,
and Y8 = ΔE, Y9 = BI. To validate the linear or quadratic model, each experimental data of independent
variables was compared with the predicted values using the model developed in this study.

2.3. Extraction Procedure of Sunsik Samples

In total, 5 g of each Sunsik sample was extracted with 80% ethanol at 65 ◦C for 2 h, and the
supernatants obtained by centrifugation (5000 rpm for 30 min) were evaporated to dryness at 45 ◦C
using a nitrogen evaporator (Eyela MG-2200, Tokyo Rikakikai Co. Ltd., Tokyo, Japan). The dried
extract was then re-dissolved with 80% ethanol into a final volume of 5 mL. The extract was used to
determine the GABA, TEAC, DPPH, TFC, and TPC.

2.4. Gamma-Amino Butyric Acid (GABA)

The GABA contents of the Sunsik samples were determined according to the method described in
Sharma et al. [29]. In brief, 0.1 mL of each extract was mixed with 0.2 mL of 0.2 M borate buffer and
1 mL of 6% phenol reagent. Then, 0.4 mL of 7.5% sodium hypochlorite was added, and the mixture was
boiled for 10 min in a water bath. The samples were immediately cooled for 5 min, and the absorbance
was measured using a spectrophotometer (EMC-11D-V Spectrophotometer, EMCLAB Instruments,
Duisburg, Germany) at 630 nm. The GABA was used as a standard curve and prepared with a range
of concentrations from 0 to 50 mg. Results were expressed as mg/g.

2.5. Total Flavonoid Content (TFC)

TFC was determined using the methods previously described by Dahl [30]. The extract of samples
(250 μL) was added to 1.25 mL distilled water, and 70 μL of 5% sodium nitrite was added to the mixture.
After 6 min, 150 μL of 10% aluminum chloride was added to the mixture. After 5 min, 0.5 mL of 1 N
sodium hydroxide was added to the mixture. The absorbance was measured immediately at 510 nm.
Distilled water was used as a blank. Catechin was used as a standard curve and prepared with a range
of concentrations from 0 to 2.5 mg. The results were reported as catechin equivalents (CE) μg/g.

2.6. Total Phenolic Content (TPC)

TPC was determined by the method described by de la Rosa et al. [31] with modifications. TPC was
measured using the Folin-Ciocalteu method. In total, 100 μL of each extract was added to 2.5 mL
of 10% Folin-Ciocalteu reagent, and the mixture was allowed to stand for 2 min. Then, 2 mL of 6%
sodium carbonate was added to the mixture, and it was incubated at 50 ◦C for 15 min in a water bath.
The absorbance was measured at 760 nm, and distilled water was used as a blank. Gallic acid was
used as a standard curve and prepared with a range of concentrations from 0 to 50 mg. Results were
expressed as gallic acid equivalents (GAE) mg/g.

2.7. DPPH Radical Scavenging Capacity

The determination of the effect scavenging of the DPPH radical was based on a procedure
previously described by Wong et al. [32]. A 0.1 mM DPPH solution diluted with 100% methanol was
prepared. In addition, 0.1 mL of the sample and 1.9 mL of 0.1 mM DPPH were mixed well. The DPPH
solution was allowed to stand for 30 min at room temperature in the dark. Then, the absorbance
was measured at 515 nm, and 100% methanol was used as a blank. Furthermore, 10 mM Trolox was
used as a standard curve and prepared with a range of concentrations from 0 to 500 μM. Results were
expressed as μmol of Trolox equivalents (TE) μmol/100 g.

8



Foods 2020, 9, 1654

2.8. Trolox Equivalent Antioxidant Capacity (TEAC)

TEAC was performed as described by Simsek and El [33], with modifications. Briefly, an ABTS+

stock solution was prepared with 7.4 mM ABTS and 2.6 mM potassium persulfate and mixed. After,
the mixture was allowed to stand for 16 h at room temperature in the dark. The ABTS+ stock solution
was diluted with 100% methanol to an absorbance wavelength of 0.7 at 734 nm. Then, 2960 μL of the
ABTS+ stock solution was added to 20 μL of the sample, and absorbance was measured after 7 min.
Trolox was used as a standard curve and prepared with a range of concentrations from 0 to 1000 μg.
Results were expressed as mmol of TE mmol/100 g.

2.9. Water Absorption Index (WAI) and Water Solubility Index (WSI)

The WAI and WSI of the optimized Sunsik and control samples were determined using methods
previously described by Du et al. [34] with slight modifications. In total, 2.5 g of the sample was added
to 30 mL of distilled water and mixed in a shaking water bath at 30 ◦C for 30 min. Then, the mixture
was centrifuged at 3000 rpm for 15 min. The supernatant and remaining sediment from the mixture
were weighted. The supernatant was decanted into an aluminum dish and dried at 105°C overnight
using a dry oven. The WAI and WSI were calculated as in the following equations, respectively.

WAI =
weightofthesediment (g)
weightofthesample (g)

(2)

WSI(%) =
weight o f dry solids f rom the supernatant (g)

weight o f the sample (g)
× 100 (3)

2.10. Color Properties

The color values of the optimized Sunsik and control samples were determined with a CIE Lab
system using a color meter (CR-400, Konica minolta sensing Inc., Osaka, Japan). It was calibrated with
a white ceramic plate before measuring the sample. The total color changes (ΔE) and browning index
(BI) were calculated as follows [35,36]:

ΔE =

√
(L∗0 − L∗)2 + (a∗0 − a∗)2 + (b∗0 − b∗)2 (4)

BI = [100(X − 0.31)]/0.172 (5)

X = (a∗ + 1.75L∗)/(5.645L∗ + a∗ − 3.012b∗) (6)

where L∗0, a∗0, and b∗0 are color parameters for the control and L∗, a∗, and b∗ are color parameters for each
Sunsik sample.

2.11. Apparent viscosity of Sunsik Samples

The apparent viscosity of the optimized Sunsik and control samples was measured using a digital
rotary viscometer (WVS-0.1M, DAIHAN Scientific, Gang-Won-Do, Korea). First, 45 g of the sample was
placed in a 500-mL beaker, and 300 mL of water or milk was poured in, followed by thorough mixing
with a magnetic stirrer (MS-20D, DAIHAN Scientific, Gang-Won-Do, Korea). Finally, the thoroughly
mixed sample was poured into a 250-mL beaker (SDS 2400, DONG SUNG science, Gang-Won-Do,
Korea) and the viscosity of the sample was measured. When measuring the viscosity, the standard was
measured when the torque value was close to 50%.

2.12. Cell Proliferative Effects of Sunsik Samples on Caco-2 and HepG2 Cells

In total, 15 g of the Sunsik samples was extracted with 80% ethanol, evaporated to dryness at
45 ◦C, and re-dissolved in dimethyl sulfoxide (DMSO) according to a previously described method [37].
The Caco-2 (ATCC®HTB-37TM, Manassas, USA) cell was cultured in MEM (Hyclone Laboratories Inc.,
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South Logan, UT, USA) with 10% or 20% fetal bovine serum (FBS, Welgene, Daegu, Korea) at 37 ◦C in
a humidified incubator with 5% CO2. The cell proliferation of Sunsik extracts was determined by MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay. The cells (1 × 104/well) were
seeded in 96-well plates and then allowed to attach overnight. After overnight, the media included
with Sunsik extracts were exchanged and incubated for 72 h. After 72 h of incubation, cell proliferation
was determined using the MTT Cell Proliferation Assay kit (Roche Ltd., Mannheim, Germany) at
570–655 nm with a SpectraMax®i3 plate reader (Molecular Devices, Sunnyvale, CA, USA).

2.13. Data Analysis

The Design Expert software (version 11, State-Ease Inc., Minneapolis, USA) was used to analyze the
experimental data for best fit model equations and to obtain response plots for each response variable.
The combination of independent variables generating the highest overall desirability was selected
as the optimum formulation. To validate the optimization process, the Sunsik was prepared using
the optimum levels of independent variables and analyzed for the selected responses. The absolute
residual error (%) was calculated using the experimental and predicted data through the following
Equation (7):

Absolute residual error(%) =
Actual value− Predicted value

Actual value
× 100 (7)

All experiments were carried out in triplicate, and ANOVA was performed to determine differences
among the samples using the XLSTAT software (Addinsoft, Paris, France). When a difference among
the samples was identified, the Student Newan–Keul’s (SNK) multiple comparison was performed to
separate the means.

3. Results and Discussion

3.1. Fitting the Model and Statistical Analysis

The RSM is often used to determine the formulation ratio of a new product in the food industry.
In this study, a CCD was applied to determine the optimum formulation of HPE and GW to prepare
healthy Sunsik, a cereal-based ready-to-drink Korean beverage. The independent and dependent
variables were fitted by linear or quadratic equations, and Table 2 shows the statistical results of the
regression coefficients, R2, adjusted R2, lack of fit, and p values of the fitted models on analyzed
responses by CCD. As shown in Table 2, the lack of fit for response surface models was not significant
without the WSI, implying that the response surface models were adequately explained for predicting
the relevant responses [28].

Table 2. The regression coefficients, R square, adjusted R square, lack of fit, and p values of the fitted
models on dependent variables.

Health Conscious Properties Physicochemical Properties

GABA TFC TPC DPPH TEAC WAI WSI ΔE BI

Constant β0 2.09 30.99 70.57 106.59 120.16 1.85 48.44 0.2224 20.02

Linear
β1 0.0170 1.11 −0.32 3.71 ** 1.34 0.0068 −0.3332 * −0.2736 ** 0.2590 **
β2 0.1031 ** 3.03 *** 2.21 * 3.32 ** 3.39 ** −0.0196 * 4.52 0.1071 * 0.0150

Quadratic β11 1.18 * 2.39 ** −0.0394 0.0882 * −0.0362 *** −0.1831
β22 −1.45 * −3.46 ** 0.0140 * −4.61 0.2708 ** −0.0531

Interaction β12 −1.47 −2.80 0.0263 ** −2.03 0.1384 0.0061

R2 0.546 0.889 0.487 0.886 0.563 0.828 0.583 0.952 0.702

Adjusted R2 0.455 0.809 0.384 0.804 0.476 0.805 0.285 0.917 0.489

Lack of Fit (p value) 0.196 0.745 0.052 0.094 0.228 0.533 0.041 0.452 0.193

p value 0.019 0.003 0.004 0.003 0.015 0.013 0.203 0.0002 0.075

*, **, *** significantly differ at p > 0.05, p < 0.01, and p < 0.001, respectively. β1: herbal plant extract; β2:
germinated wheat.
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Among the responses, GABA, TPC, and TEAC were more adequate for a linear model than for
a quadratic model. Because the β2 values of GABA (p < 0.01), TPC (p < 0.05), and TEAC (p < 0.01)
differed significantly, the GABA, TPC, and TEAC contents of newly developed Sunsik might be affected
by GW rather than HPE. The final equations of GABA, TPC, and TEAC as follows:

GABA = 2.09 + 0.017×HPE + 0.1031×GW (8)

TPC = 70.57− 0.3237×HPE + 2.21×GW (9)

TEAC = 120.16 + 1.34×HPE + 3.39×GW (10)

As described in Table 2, the TFC, DPPH, WAI, WSI, ΔE, and BI were fitted with quadratic models.
The final equations of TFC, DPPH, WAI, WSI, ΔE, and BI were coded as follows:

TFC = 30.99 + 1.11×HPE + 3.03×GW + 1.18×HPE×GW− 1.45×HPE2 − 1.47×GW2 (11)

DPPH = 106.59 + 3.71×HPE + 3.32×GW + 2.39×HPE×GW− 3.49×HPE2 − 2.80×GW2 (12)

WAI = 1.85+ 0.0068×HPE−0.0196×GW−0.0394×HPE×GW+ 0.014×HPE2 + 0.0263×GW2 (13)

WSI = 48.44− 0.3332×HPE + 4.52×GW + 0.0882×HPE×GW− 4.61×HPE2 − 2.03×GW2 (14)

ΔE = 0.2224− 0.2736×HPE + 0.1071×GW− 0.0362×HPE×GW + 0.2708×HPE2 + 0.1384×GW2 (15)

BI = 20.02 + 0.259×HPE + 0.015×GW− 0.1831×HPE×GW− 0.0531×HPE2 + 0.0061×GW2 (16)

The higher values of R2 and adjusted R2 mean desirability of the model to explain the relationships
between variables [28]. In this study, the responses with R2 values of 0.8 or higher were TFC, DPPH,
WAI, and ΔE, indicating that the fitted equations adequately describe the effects of adding GW and
HPE to Sunsik on each dependent variable.

3.2. Effects of Independent Values on Health-Conscious Properties

The GABA, TFC, and TPC contents and antioxidant capacities (DPPH radical scavenging capacity
and TEAC) of differently formulated Sunsik samples by CCD are shown in Table 3. Significant
differences among the 13 samples were found in the GABA (p < 0.01), TFC (p < 0.001), TPC (p < 0.001),
DPPH (p < 0.05), and TEAC (p < 0.05) contents. The GABA content, TFC, and TPC are some of the
major compounds that contribute to the antioxidant capacities, such as DPPH and TEAC [11,30,38].
The GABA content and TPC were in the ranges of 1.81–2.25 μg/g and 67–76 μg GE/100g, respectively.
As shown in Table 2, the GABA content and TPC were significant in the β2 value (p < 0.01 for GABA
and p < 0.05 for TPC) but not significant in the β1 value, indicating that the GABA content and TPC of
Sunsik with added HPE and GW were influenced by increased GW. These results were also confirmed
in the three-dimensional response surface plots of Figure 1a,c.

Table 3. The experimental values of the health-conscious variables for each independent variable.

Experiment No.
GABA **
(Y1, μg/g)

TFC ***
(Y2, μg CE/g)

TPC ***
(Y3, μg

GE/100 g)

DPPH *
(Y4, μM

TE/100 g)

TEAC *
(Y5, mM
TE/100 g)

HPE
(g)

GW
(g)

Sunsik
(g)

1 1 5 44 2.01 ± 0.09 ab 26 ± 2.30 bc 71 ± 2.23 cd 96 ± 3.7 b 113 ± 3.93 b

2 2 5 43 2.00 ± 0.08 ab 24 ± 1.21 c 67 ± 0.44 f 102 ± 2.9 ab 114 ± 3.70 b

3 1 10 39 2.19 ± 0.13 a 29 ± 3.68 abc 76 ± 0.88 a 95 ± 3.1 ab 122 ± 5.48 ab

4 2 10 38 2.14 ± 0.16 a 32 ± 3.34 ab 74 ± 0.97 b 110 ± 9.2 ab 122 ± 3.30 ab

5 0.79 7.5 41.71 1.98 ± 0.06 ab 26 ± 0.92 abc 69 ± 0.70 de 96 ± 6.9 b 116 ± 4.27 b

6 2.21 7.5 40.29 2.12 ± 0.04 a 31 ± 2.80 abc 72 ± 0.09 c 103 ± 9.4 b 123 ± 2.86 ab

7 1.5 3.96 44.54 1.81 ± 0.15 b 22 ± 2.00 c 68 ± 0.40 ef 94 ± 6.9 ab 119 ± 3.60 ab
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Table 3. Cont.

Experiment No.
GABA **
(Y1, μg/g)

TFC ***
(Y2, μg CE/g)

TPC ***
(Y3, μg

GE/100 g)

DPPH *
(Y4, μM

TE/100 g)

TEAC *
(Y5, mM
TE/100 g)

HPE
(g)

GW
(g)

Sunsik
(g)

8 1.5 11.04 37.46 2.17 ± 0.08 a 33 ± 3.48 abc 72 ± 0.88 c 107 ± 8.3 a 127 ± 5.22 a

9 1.5 7.5 41 2.09 ± 0.04 a 30 ± 2.54 ab 69 ± 0.99 de 108 ± 8.8 ab 120 ± 2.36 ab

10 1.5 7.5 41 2.11 ± 0.11 a 30 ± 1.43 ab 68 ± 0.02 ef 106 ± 1.8 ab 123 ± 4.42 ab

11 1.5 7.5 41 2.17 ± 0.11 a 30 ± 1.90 abc 69 ± 0.71 de 105 ± 2.5 ab 124 ± 4.95 ab

12 1.5 7.5 41 2.16 ± 0.20 a 33 ± 3.64 abc 71 ± 0.07 cd 105 ± 3.7 ab 122 ± 4.76 ab

13 1.5 7.5 41 2.25 ± 0.12 a 33 ± 2.32 abc 71 ± 0.94 cd 109 ± 8.5 ab 119 ± 7.35 ab

All values are means of three replications ± standard deviation. Values with the same letter(s) within a column are
not significantly different. *, **, *** significantly differ at p > 0.05, p < 0.01, and p < 0.001, respectively.

 
(a) 

 
(b) 

 
(c) 

Figure 1. Three-dimensional response surface plots of the GABA content (a), TFC (b), and TPC (c).
(GW: germinated wheat; HPE: herbal plant extract; GABA: gamma aminobutyric acid; TFC: total
flavonoid content; TPC: total phenolic acid).

Conversely, the addition of HPE and GW had significant quadratic effects (p < 0.05 for β11 and
p < 0.05 for β22) on TFC (Table 2). Figure 1b shows the three-dimensional response surface plots of
TFC, implying the TFC of Sunsik is increased by both HPE and GW.

The antioxidant properties of 13 Sunsik samples corresponding to the experiments generated by
the CCD were determined by DPPH and TEAC (Table 3). The DPPH and TEAC values of the samples
differed significantly (both p < 0.05) and were in the ranges of 96–110 μM TE/100g and 113–127 mM
TE/100 g, respectively. As presented in Table 2, the DPPH value was fitted with a quadratic model while
TEAC value was fitted with a linear model. The comprehensive effects of the dependent variables
(HPE and GW) on the antioxidant properties of Sunsik are represented by the response surface plots in
Figure 2.

 
(a) (b) 

Figure 2. Three-dimensional response surface plots of DPPH (a) and TEAC (b).

12



Foods 2020, 9, 1654

The Sunsik samples with higher antioxidant activities contained relatively high GABA content, TPC,
and TFC. These results are in agreement with previous studies [11], which reported a higher antioxidant
capacity of the samples containing higher GABA content, TPC, and TFC. The increments of TPC and
GABA content in Sunsik samples could be explained by the addition of GW. Chen et al. [39] reported
that phenolic contents in GW increased by lignin synthesis during germination. In addition, another
study explained that the GABA content in GW increased via the decarboxylation of L-glutamate [11].
Safflower seed, a major material of HPE, has protective effects against osteoporosis and a beneficial
effect on atherogenic risk through various phenolic compounds, such as lignin and flavonoids [25].
Recently, the antioxidant, anti-cancer, anti-inflammatory effects of safflower seeds have been identified
by a few studies [25,40,41].

3.3. Effects of Independent Values on Physicochemical Properties

The WAI and WSI are important parameters in powdered cereal-based beverages, such as Sunsik,
which is eaten by dissolving in milk or water. The WAI and WSI values of the Sunsik samples tested in
this study are presented in Table 4. The WAI values of the Sunsik samples were in the range of 1.82–1.95
and did not differ significantly (Table 4). Although there was no statistically significant difference in
the WAI values of Sunsik samples, they tended to increase as the amount of HPE increased (Figure 3a).
The WAI value of reconstituted powder, such as Sunsik examined in this study, might play a role in
preventing its dissolution in milk or water [42]. As shown in the WAI results of Table 2, the linear
coefficients of HPE (β1) and GW (β2) were 0.0018 and −0.0195, respectively, implying that GW in
newly formulated Sunsik had a negative effect. The WSI is the amount of soluble components released
from the Sunsik samples, and the values ranged from 32% to 59% (Table 4). The WSI values of Sunsik
with 1.5 g of added HPE and 11.04 g of added GW were the highest among the samples, suggesting the
contribution of GW to the solubility of the newly formulated Sunsik samples (Figure 3b).

Table 4. The experimental values of the physicochemical variables for each independent variable.

Experiment No.
WAI WSI (%) *** ΔE *** BI **

HPE
(g)

GW
(g)

Sunsik
(g)

1 1 5 44 1.88 ± 0.06 42 ± 1.92 d 0.72 ± 0.18 ab 19.4 ± 0.35 c

2 2 5 43 1.95 ± 0.04 41 ± 1.01 d 0.22 ± 0.06 bc 20.2 ± 0.38 ab

3 1 10 39 1.91 ± 0.02 41 ± 0.49 d 1.12 ± 0.24 abc 20.0 ± 0.39 abc

4 2 10 38 1.82 ± 0.12 40 ± 0.33 d 0.48 ± 0.08 b 20.1 ± 0.20 ab

5 0.79 7.5 41.71 1.86 ± 0.04 41 ± 1.17 d 1.13 ± 0.27 ab 19.5 ± 0.34 bc

6 2.21 7.5 40.29 1.91 ± 0.02 40 ± 1.26 d 0.39 ± 0.12 b 20.4 ± 0.32 a

7 1.5 3.96 44.54 1.92 ± 0.08 32 ± 0.23 e 0.43 ± 0.04 b 20.3 ± 0.31 ab

8 1.5 11.04 37.46 1.89 ± 0.02 59 ± 0.63 a 0.56 ± 0.16 b 19.9 ± 0.23 abc

9 1.5 7.5 41 1.86 ± 0.06 49 ± 1.12 c 0.23 ± 0.02 bc 20.2 ± 0.23 ab

10 1.5 7.5 41 1.89 ± 0.05 53 ± 2.11 b 0.06 ± 0.03 c 20.2 ± 0.05 ab

11 1.5 7.5 41 1.83 ± 0.05 46 ± 1.89 c 0.24 ± 0.04 bc 20.0 ± 0.11 abc

12 1.5 7.5 41 1.83 ± 0.01 48 ± 1.95 c 0.29 ± 0.07 bc 19.8 ± 0.09 abc

13 1.5 7.5 41 1.84 ± 0.08 46 ± 1.93 c 0.30 ± 0.06 bc 19.9 ± 0.01 abc

All values are means of three replications ± standard deviation. Values with the same letter(s) within a column are
not significantly different. **, *** significantly differ at p < 0.01 and p < 0.001, respectively.

Significant differences were observed in the ΔE (p < 0.001) and BI (p < 0.01) values among the
newly formulated Sunsik samples (Table 4), which were in the ranges of 0.22–1.13 and 19.2–20.3,
respectively. In the results of the regression coefficients, the HPE addition negatively affected and
the GW addition positively affected the ΔE of the newly formulated Sunsik. The three-dimensional
response surface plots also showed a similar trend (Figure 3c), indicating that the color of the newly
formulated Sunsik was mostly affected by a higher GW amount than HPE amount. Such a result was
expected, as more GW (10–20%) was added to Sunsik than HPE (2–4%). The color affects consumer
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perceptions of various foods or beverages, and color changes or a brown color during processing or
cooking might negatively affect consumer preferences [43]. As shown in Figure 3d, the brown color
changes of Sunsik were the result of adding HPE. In a preliminary experiment to determine the range
of the HPE amount, consumers tended not to prefer Sunsik with more than 4% HPE added due to its
darkened color.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. Three-dimensional response surface plots of the WAI (a), WSI (b), ΔE (c), and BI (d).

3.4. Optimization and Validation

Cereal-based products like Sunsik are often developed with the addition of two or more ingredients
to provide additional health benefits to consumers. In this study, both GW and HPE had a significant
effect on the health-related properties and physicochemical characteristics of Sunsik. The additions of
GW and HPE in newly formulated Sunsik were response specific. Thus, optimization is needed to
attain a formulation with the desired characteristics concerning all the responses.

Sunsik, a cereal-based ready-to-drink beverage, was optimized considering maximized properties,
such as GABA, TFC, TPC, DPPH, TEAC, and WSI. By contrast, WAI, ΔE, and BI were minimized in
Sunsik products. The optimized formula of Sunsik developed in this study was 10 g of GW, 1.79 g of
HPE, and 38.21 g of Sunsik corresponding to the highest desirability of 0.719. In addition, the predicted
and actual values for optimized formulations of Sunsik are presented in Table 5. Both the predicted
and actual values were compared and were verified using absolute residual error values (Table 5).
The errors for the responses were found to be less than 5% without ΔE. This indicated the precision of
the developed and optimized regression models for the newly formulated Sunsik products.
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Table 5. Predicted and actual values of the optimized Sunsik formulation.

Responses
Optimized Formulation

Goal Predicted Values Actual Values Error (%)

GABA (Y1, μg/g) Maximize 2.21 2.23 ± 0.04 0.9
TFC (Y2, μg CE g) Maximize 33.39 33.75 ± 0.25 1.07

TPC (Y3, μg GE/100g) Maximize 72.56 73.26 ± 0.46 0.97
DPPH (Y4, μM TE/100g) Maximize 110 112 ± 0.58 2.12
TEAC (Y5, mM TE/100g) Maximize 124 125 ± 0.58 0.54

WAI (Y6) Minimize 1.84 1.80 ± 0.03 2.44
WSI (Y7) Maximize 49.2 48.52 ± 1.28 0.25
ΔE (Y8) Minimize 0.38 0.25 ± 0.03 11.71
BI (Y9) Minimize 20.06 20.42 ± 0.12 1.61

3.5. Health-Conscious and Physicochemical Properties of Optimized Sunsik

Because the purpose of this study was to develop a newly formulated Sunsik containing GW
and HPE to provide health benefits over the commercially available Sunsik, various properties
of commercial and optimized Sunsik were compared. The health-conscious and physicochemical
properties of both Sunsik samples are presented in Table 6. The GABA content, TPC, and TFC might
be major constituents contributing to the antioxidant capacities and antiproliferative cancer cells [38].
Significant differences between the commercial and optimized Sunsik samples with respect to the
GABA content (p < 0.001), TFC (p < 0.001), and TPC (p < 0.001) were observed (Table 6). The optimized
Sunsik contained more GABA (2.23 μg/g) content, TFC (33.75 μg CE/ 100g), and TPC (73.75 μg GE/100g)
than commercial Sunsik (GABA: 1.7 μg/g; TFC 19.8 μg CE/100 g; TPC: 54.4 μg GE/100g), confirming
health benefits of optimized Sunsik compared to commercial Sunsik.

In addition, the DPPH (p < 0.001) and TEAC (p < 0.001) of optimized Sunsik, to which 10 g of GW
and 1.79 g of HPE were added, increased significantly compared to commercial Sunsik. Numerous
studies have been developed new product with more antioxidant or antiproliferative activities to
contribute health benefits of consumed products [7,8,38]. According to Kim and Kim [38], cereal
products containing higher phenolic or flavonoid contents had higher antioxidant capacities. In this
study, optimized Sunsik contained higher TPC, TFC, DPPH, and TEAC values than the commercial
Sunsik. Similar trends were observed in terms of the proliferative activities of cancer cells. The relative
proliferative effects on Caco-2 and HepG2 cells after treatment with an extract of the samples are
shown as the median effective dose (EC50) in Table 6. The EC50 values of optimized Sunsik for Caco-2
and HepG2 cells were 45.7 and 35.2 mg/mL, respectively. Commercial Sunsik was relatively high in
EC50 values of Caco-2 (97.9 mg/mL) and HepG2 (76.2 mg/mL) cells compared to those of optimized
Sunsik (Caco-2: 45.7 mg/mL; HepG2: 35.2 mg/mL), indicating relatively low antiproliferative activities.
Many studies have reported that foods or beverages with antioxidant activities have cancer-protective
effects [37], suggesting that cereal-based beverages could inhibit cancer cell growth. In this study,
optimized Sunsik added with GW and HPE showed higher antioxidant capacity and antiproliferative
activity than commercial Sunsik.

The WAI, WSI and viscosity of optimized Sunsik with added GW and HPE were compared to
commercial Sunsik, and the results are shown in Table 6. The WAI and viscosity of cereal-based
beverages are important quality factors [3,4]. According to the finding of Fernandes, Sonawane,
and Arya [3], the high absorbing properties in cereal-based beverages resulted in increased viscosity,
and high viscosity negatively affected mouthfeel and overall acceptability in sensory tests. According
to the results of the current study, the WAI and viscosity of optimized Sunsik with added GW and HPE
were less than that of the commercial Sunsik sample. The low WAI and viscosity might contribute to
the solubility of Sunsik, which is eaten by dissolving in milk or water, showing higher WSI values in
optimized Sunsik than in commercial Sunsik.
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Table 6. Health-conscious and physicochemical properties of the optimized Sunsik formulation.

Commercial Sunsik Optimized Sunsik

Health conscious
properties

GABA (μg/g) *** 1.7 ± 0.09 b 2.23 ± 0.04 a

TFC (μg CE/g) *** 19.8 ± 1.72 b 33.75 ± 0.25 a

TPC (μg GE/100g) *** 54.4 ± 3.57 b 73.26 ± 0.46 a

DPPH (μM TE/100g) *** 77.3 ± 2.06 b 112 ± 0.58 a

TEAC (mM TE/100g) *** 96.9 ± 3.27 b 125 ± 0.58 a

EC50 for Caco-2 cell
(mg/mL) *** 97.4 ± 4.2 a 45.7 ± 1.6 b

EC50 for HepG2 cell
(mg/mL) *** 76.2 ± 3.8 a 35.2 ± 2.5 b

Physicochemical
properties

WAI *** 3.6 ± 0.03 a 1.80 ± 0.03 b

WSI (%) *** 7.4 ± 0.1 b 48.52 ± 1.28 a

Apparent viscosity (cP) *** 294 ± 2.87 a 47 ± 4.42 b

All values are means of three replications ± standard deviation. Values with same letter(s) within a row are not
significantly different. *** significantly differ at p < 0.001.

4. Conclusions

This study showed that the CCD and RSM could be used to optimize the formulation of Sunsik,
a cereal-based ready-to-eat beverage. RSM predicted that a Sunsik formula of 10 g GW, 1.79 g HPE,
and 38.21 g Sunsik would provide a better quality with more health-conscious and physicochemical
characteristics. The optimized Sunsik is characterized by higher GABA, TPC, TFC, DPPH, TEAC,
and WAI values than commercial Sunsik. The EC50 of cancer cells, WAI, and viscosity were low
in optimized Sunsik compared to commercial Sunsik. Overall, Sunsik with 10 g of added GW and
1.79 g of added HPE might increase various health-related components and biological activities while
maintaining the quality of the cereal-based beverage.
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Abstract: Fermentation continues to be the most common biotechnological tool to be used in
cereal-based beverages, as it is relatively simple and economical. Fermented beverages hold a long
tradition and have become known for their sensory and health-promoting attributes. Considering
the attractive sensory traits and due to increased consumer awareness of the importance of healthy
nutrition, the market for functional, natural, and non-alcoholic beverages is steadily increasing all over
the world. This paper outlines the current achievements and technological development employed to
enhance the qualitative and nutritional status of non-alcoholic fermented cereal beverages (NFCBs).
Following an in-depth review of various scientific publications, current production methods are
discussed as having the potential to enhance the functional properties of NFCBs and their safety, as a
promising approach to help consumers in their efforts to improve their nutrition and health status.
Moreover, key aspects concerning production techniques, fermentation methods, and the nutritional
value of NFCBs are highlighted, together with their potential health benefits and current consumption
trends. Further research efforts are required in the segment of traditional fermented cereal beverages
to identify new potentially probiotic microorganisms and starter cultures, novel ingredients as
fermentation substrates, and to finally elucidate the contributions of microorganisms and enzymes in
the fermentation process.

Keywords: cereal beverage; fermentation; functional; non-alcoholic; health benefits

1. Introduction

Consumers’ lifestyles have changed in recent years and will continue to change by being influenced
by globalization, economic growth, rapid advances in food science and technology, and/or lifestyle
choices and religious restrictions [1–3]. With regard to consumption behaviour, sensory acceptance is
still the main choice criteria for consumers [4–6] and it is strongly dependent on cultural backgrounds,
as well as previous sensory exposure to a specific food product [7,8].

Beverages are an optimum vehicle to transport nutrients and bioactive compounds into the
body as well as to facilitate their bioavailability. Bioactive compounds, such as phytochemicals (e.g.,
phytoestrogens, phenolic compounds, flavonoids, carotenoids, etc.), dietary fibre, vitamins, fatty acids,

Foods 2020, 9, 1031; doi:10.3390/foods9081031 www.mdpi.com/journal/foods19
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probiotics, and minerals, can be incorporated into beverages. The presence of these compounds offers
the prospect of using food as a valuable element in disease prevention strategies, particularly in the
early stages of the diseases [9–11]. Worldwide, statistics clearly show the growing trend of functional
beverage consumption [12], due to their nutrient contents, convenient packaging, design, ease of
transportation and storage, and for their shelf-stable nature [13].

Functional beverages could be classified as dairy based, fruit and vegetable based, legume based,
cereal based, coffee, or tea. The functionality traits of these beverages address different needs and
lifestyles: to boost energy, to fight the ageing process, fatigue, and stress, or to target diseases [14].

Fermentation is widely used to improve the nutritional value, the digestibility level, shelf
life, functional properties, texture, taste, and flavour of the beverages [15–18]. A popular class of
fermented beverages are those made from cereals: barley (Hordeum vulgare L.), maize (Zea Mays L.),
millet (Panicum miliaceum L.), oats (Avena sativa L.), rice (Oryza glaberrima/Oryza sativa), rye (Secale
cereale), sorghum (Sorghum bicolor), and wheat (Triticum aestivum L.) [19]. These cereals are a good
fermentation substrate and also pose a potentially functional trait, as they contain nutrients that can be
easily assimilated by probiotics [20]. The processing steps could include soaking, sprouting, malting,
cooking, grinding, and filtering. The fermentation of cereals is influenced by several factors (e.g.,
length of fermentation, temperature and pH, moisture content of grain, growth factor requirements,
cereal nutrients, etc.) which require control by using technological methods to standardize quality.

Fermented beverages are affordable, and their production involves traditional methods to maintain
hygiene conditions, product quality, and security [19,21]. Lactic acid bacteria (LAB) dominate the
fermentation process and lead to a low pH, which is incompatible with the development of pathogenic
bacteria, thereby increasing the shelf life and product safety [22]. Traditional methods exploit mixed
cultures of various potentially beneficial microorganisms, referred to as probiotics [23]. Fermented
beverages are considered essential because they serve as vehicles for beneficial microorganisms that
play an important role in human health, and also for their nutritional, nutraceutical, and pharmaceutical
properties [21–24]. Moreover, it was shown that fermentation improves protein digestibility and the
bioavailability of minerals and other micronutrients [25].

The consumption of these beverages has the potential to reduce the adverse health and economic
impacts of poor diets. Additionally, among the main benefits of cereal-based beverages, there is the
possibility of consumption by vegetarians, vegans, and lactose-intolerant consumers [26]. This paper
outlines the current achievements and further development for enhancing the functionality of the
non-alcoholic fermented cereal beverage (NFCB) segment.

2. Non-Alcoholic Fermented Cereal Beverage Segment

2.1. An Overview of NFCBs

Reviewing the existent literature regarding some of the most studied NFCBs, it is shown that they
are usually based on barley, maize, millet, oats, rice, rye, sorghum, and wheat [27,28]. Cereals are known
as important sources of dietary proteins [29], energy, carbohydrates, vitamins, minerals, and fibre
(arabinoxylan and β–glucan), but, at the same time, they are deficient in some basic components
(essential amino acids, e.g., lysine) [19,30]. Whole grains are known to have important bioactive
compounds and high nutritional values and their regular consumption has a positive effect on
health [31–33]. The presence of soluble fibre lowers the glycaemic index of the beverage by slowing
down its digestion and absorption, whereas phenolic compounds have antioxidant potential and
scavenge harmful free radicals in the body [9].

Most of the traditional and currently produced NFCBs are considered functional foods and
wholesome nutritional products [22,34,35]. Functional foods have been intensively studied in recent
years and are continuously looked at as research efforts turn to processing food matrices, such as
cereals, vegetables, and fruits, into medicine-like products.
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A more detailed definition describes functional foods as industrially processed or natural foods
that, when regularly consumed within a diverse diet at efficacious levels, have potentially positive
effects on health outside basic nutrition [36]. This means that such products should provide a
therapeutic benefit if consumed regularly within a diverse diet and with the condition of having the
main nutrients extracted in a standardized manner and dosage [37].

Originally, cereal fermented beverages were mainly produced due to the need for conserving and
utilizing various cereals and crops with affordable financial implications. Some of them, which are
now commercially available as soft drinks and non-alcoholic beverages, were traditionally prepared as
alcoholic beverages, having higher contents of alcohol [38].

Currently, “non-alcoholic” is a regulatory term and the laws regarding it vary across the globe.
For example, EU regulation no. 1169/2011 simply states that a beverage must be labelled as an
alcoholic drink if it has an alcoholic strength by volume (ABV) of over 1.2%. Moreover, in Great
Britain, an alcohol-free drink has a maximum alcohol content of 0.05 % ABV; in Germany, a beverage is
considered alcohol-free if the maximum alcohol limit is below 0.5 % ABV; in Spain, a non-alcoholic
beer contains a maximum of 1 % ABV; in France, alcohol-free beers contain a maximum of 1.2 %;
in US, non-alcoholic beers are of a maximum 0.5 % ABV; in China, non-alcoholic drinks can be of up
to 0.5 % ABV [39]; in Japan, non-alcoholic beverages contain up to 1% ABV [40]. Depending on the
country’s traditional recipe, boza, a lactic acid fermented drink, has an alcohol content of less than 1%
ABV in Turkey and up to 7% ABV in Egypt [41], probably due to microorganisms involved in the
fermentation process [42].

Fermented drinks were and are obtained using a combination of fermentable substrates,
like cereal mixes, fruits, plants, spices, legumes, and vegetables. The possibility of combining
various fermentable substrates and of adding supplementary bioactive compounds to the final product
encourages the development of different versions of the same original recipes, according to specific
resources, health concerns, and nutritional needs. Such enhancements can be seen, for example,
in vitamin A-fortified mahewu [43] or in establishing the suitable temperature for saccharification and
oligosaccharide production efficiency in amazake, containing up to 0.5 % ABV [44].

Globally, there are numerous similar non-alcoholic cereal fermented beverages with similar names
and profiles targeted for thirst quenching properties, on nutrition added value, cultural significance,
and on providing alternatives to alcoholic beverages. Fermented beverages based on cereals are
somewhat common around the world as staple foods, particularly in developing countries and are all
made in a similar manner, generally using spontaneous microbial cultures [38]. Although there are
various non-alcoholic cereal fermented beverages with different chemical profiles and sensory traits,
all of them present certain bioactive compounds and therapeutic agents, which make them beneficial
for human health. The functional compounds available and detected in NFCBs have variable values,
therefore, it is difficult to assess their functional impact when consumed regularly [17]. If cereals lack
certain nutrients, then additional food matrices can be added to enhance the final NFCB, as seen in
a case of mahewu enhanced with Moringa oleifera leaf powder for elevating Ca and Fe contents [45].
Another example of a functional NFCB is a non-alcoholic beverage made of green tea and barley malt
wort for delivering superior amino acid content [46].

In Table 1, there are several NFCBs listed with their place of origin, constituent cereals,
microorganisms, nutritional compounds, and potential health benefits. As previously mentioned by
other authors, the functional outcome of such products is strongly connected to the selection of the
cereals, microorganisms, fermentation temperature and time, and other additional food matrices [47–49].
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Some of the NFCBs presented in Table 1 are commercially available, with various scales of
production, while others are mainly homemade beverages, produced for individual consumption
using traditional methods. Busa, kunun-zaki, mahewu, munkoyo, obushera, oshikundu, pozol, and tobwa
are produced in rural and urban areas and their production is essentially a home-based industry
as for now, there is no large-scale factory production. Amazake is commercially available in Japan
and it is classified as a soft drink [90,91]. Borş is also industrially produced and used as a flavour
enhancer in Romanian gastronomy or it is consumed as a refreshing drink [55]. Boza is one of the
most popular Bulgarian beverages and is industrially produced at a large scale in all countries of the
Balkan Peninsula [92]. Kvass is a traditional fermented Slavic and Baltic beverage and is one of the most
popular beverages in Russia, numerous varieties emerged due to its popularity and market demand.
Currently, kvass production is designed according to traditional processes, with the implementation of
modern biotechnological methods [72]. Shalgam is a traditional beverage of southern Turkish cities
and it is commercialized in various markets of European cities [86]. In Table 2, there are more details
presented regarding NFCBs and their sensory properties, pH values, nature of use, fermentation status,
and production scale.

Table 2. Non-alcoholic fermented cereal beverages and their sensory properties, nature of use,
and fermentation status.

Beverage Sensory Properties/pH Nature of Use
The Status of

Fermentation/Production Scale
Ref.

Amazake
cloudy appearance,

sour-sweet taste;
pH ~3.9;

dessert, snack, natural
sweetening agent, baby food,

salad dressing;
homemade and industrialised; [90,91,93]

Bors,

sour-bitter taste; odour
notes: “bran”, “yogurt”,

“goat milk-cheese”,
“pungent/sour”,

“ripe/fermented fruit”; pH
3.3–4.2;

used as a souring ingredient
in soups, nutritious drink; homemade and industrialised; [54–56]

Boza
thick liquid, pale yellow

colouring; sweet-sour taste;
pH 2.93–3.72;

nutritious food, snack; homemade and industrialised: [58–61,94]

Busa

thick homogeneous
suspension, light to dark

beige; sweet-sour taste; pH
3.4–5.3;

traditionally made and
served as an alcoholic drink; homemade; [42,95]

Gowé
brown/white colour; sweet,

acidic, cereal taste; soft
texture; pH ~3.5–4.7;

thirst-quenching and energy
drink; children’s food;

traditional, small-scale
processors; [65,66]

Kunun-zaki
low viscosity, creamy

appearance; sweet-sour
taste; pH ~3.8;

refreshing drink; nutritious
beverage; homemade, local producers; [67,68]

Kvass
slightly cloudy appearance,

light-dark brown colour;
sweet-sour taste; pH 3.2–4.3;

soft drink;
traditionally homemade;

industrialised differently than
the traditional approach;

[71,72]

Mahewu/Amahewu creamy colour, sour taste;
pH ~3.5;

weaning food for infants,
consumed in schools, farms,

mines, etc.

homemade, commercially
produced in African countries; [45,74–76]

Munkoyo slight yellow colour; sweet,
mildly sour taste; pH 3.3–4.2;

consumed at household
level; energy

drink;
homemade; [22,77–79]

Obushera

moderately thick
composition, pale brown

colour; sweet and sour taste;
pH < 4.5;

thirst quencher, social drink,
energy drink, and weaning

food;

homemade; commercially
relevant types: Obutoko,

Obuteire, Ekitiribita;
[80,96]
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Table 2. Cont.

Beverage Sensory Properties/pH Nature of Use
The Status of

Fermentation/Production Scale
Ref.

Oshikundu/Ontaku
white colour, milky

appearance, sweet taste; pH
3.3–3.7;

a token of welcome and
hospitality; consumed at
special events and daily

social interactions;

homemade; local producers; [81–83]

Pozol
yellow-brown colour;

sweet-sour; slightly acidic
taste; pH 3.8;

food or refreshing beverage,
consumed at religious
ceremonies and for its

curative properties;

homemade in rural and urban
areas of southeast Mexico; small-

and large-scale producers;
[85,97]

Shalgam red colour; sour taste; used as a medicine because
of its antiseptic agents;

home-scale level;
small scale producers; [59,86]

Tobwa/Togwa

opaque and brownish
colour; sweet,

occasionally sour taste;
pH~4;

consumed as a popular
energy
source;

industrially produced in
Tanzania; [87,88]

2.2. Processing Technologies and Their Outcome

The dietary attributes and sensory traits of cereal products can be at times viewed as inferior
or deficient in comparison with those of milk and milk-based foods. Some of the reasons behind
this include the smaller protein quantities, deficiency in certain amino acids (lysine), the presence of
antinutrients (phytic acid, tannins, and polyphenols), and the coarse nature of grains [19].

The fermentation of starchy sources is more complex compared to that of low molecular sugars
(glucose or sucrose) because, in general, the starch must at first be converted into fermentable sugars.
To achieve an almost complete starch degradation, two main types of amylolytic enzymes are required
(α-amylase and glucoamylase) [98].

Several methods have been engaged with the aim of enhancing the nutritional qualities of cereals.
These include genetic improvement and amino acid supplementation with protein concentrates or
other protein-rich sources, such as grain legumes or defatted oil seed meals of cereals. Additionally,
several processing technologies, which include cooking, sprouting, milling, and fermentation, have been
put into practice to improve the nutritional properties of cereals, although the best one is probably
fermentation. In general, the spontaneous fermentation of cereals leads to a decrease in the level of
carbohydrates, as well as some non-digestible poly- and oligosaccharides [35]. Certain amino acids
may be synthesized, and the availability of B group vitamins may be improved [99]. Fermentation also
provides optimum pH conditions for the enzymatic degradation of phytate, which is present in cereals
in the form of complexes with polyvalent cations, such as iron, zinc, calcium, magnesium, and proteins.
Such a reduction in phytate may result in a several fold increase in the amounts of soluble Fe, Zn,
and Ca [19,100–102].

The current article advances one general processing technique, by compiling all the traditional
recipes assessed and integrating germinated and non-germinated grains, to adapt it to an industrial
scale with functional improvement. Several traditional processing steps can be applied in the
production. The general outline of the process is essentially the same and that presented in Figure 1:
the grains, after conditioning, are either soaked/wet milled or the grains are dry milled and the flour
is extracted in water afterwards, the mix is boiled to gelatinize the starch, a source of enzymes to
hydrolyse the gelatinized starch into fermentable sugars is added, and finally, spontaneous fermentation
occurs [19,103].
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Figure 1. General flow diagram of traditional NFCB production.

2.2.1. Pre-Treatment of Raw Materials

Cereal processing is an essential component of the brewing production chain and the milling
process is the main procedure. Before milling, the cleaning and conditioning of the grains is required.
The cleaning process allows for the removal of various impurities, depending on the raw material
types. The most common grain impurities are shrivelled grains, other cereals, grains damaged by
pests, grains with discoloured germs, and sprouted grains. There are also miscellaneous impurities,
including extraneous seeds, damaged grains, extraneous matter, husks, ergots, decayed grains,
and insects. The conditioning or tempering of grains is performed using the monitored addition of
water, which turns the endosperm softer and the bran harder. Doing this prevents the bran from
breaking up, aids gradual separation throughout milling, and enhances sieving efficiency [104].

There are two milling categories, namely dry and wet milling, each having its own characteristics.
Dry milling removes the germ and the outer fibrous materials of grains, as these by-products are not
used in traditional ways [105]. Malting utilizes the power of natural germination when the grains,
after absorbing water, germinate in the presence of oxygen to achieve a moisture content of up to
47% [106]. Another by-product is represented by floating kernels, which are unsuitable for malting.
Throughout germination, the grain’s embryo expands, and rooting begins. Moreover, the germination
and steeping processes frequently overlap. It is recommended to keep the germination time and
temperature at low values, given that long and warm germination processes lead to longer roots,
resulting in larger malt yield losses [104,106].

During germination, grain enzymes start to break down the endosperm high-molecular-weight
material into easily digestible components for the yeasts. Drying the malt stops the germination
process [104].

In the case of traditional methods, the grains are usually superficially cleaned. A part of the
cleaned grains (in variable percentages) is washed and soaked (10 to 20 h) at room temperature
(26–35 ◦C). The soaked grains are drained and left for germination for 48 to 72 h with a frequent
spraying of tap water. The germinated grains are sun dried (5 to 20 h), so the success of the process
depends on the weather, mostly the intensity of the sunshine. Afterwards, the grains (malted and
non-malted) are milled separately or in a mixture to obtain flour using rudimentary equipment [107].

Industrial cleaning processes aim at removing impurities and all other materials except for grains,
using specific equipment such as magnetic separators, disc or sieve separators, aspirators, destoners,
colour sorters, etc. The conditioning process ensures the complete hydration of grains, holding them
in suitable containers for specific time intervals. Usually, depending on the grain varieties and initial
moisture levels, the soaking time and temperature may be different [104].

For industrial-scale malting (Figure 2), the cereals are dried, and kilning is used to stop
further transformations.
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Figure 2. General flow diagram of industrial NFCB production (compilation from Encyclopaedia
Britannica’s brewing process).

During controlled drying, the water content should go under 5%, to stop the enzymatic activity
whilst colour and flavour compounds are formed. A lot of by-products can additionally be recovered
and further capitalized at an industrial scale. Dry milling can be extended to pearling, an abrasive
procedure for gradually removing the testa and pericarp, aleurone and sub aleurone layers, and the
germ. This results in polished grains and by-products with enhanced contents of bioactive compounds.
Alternatively, wet milling, mostly used for producing starch and gluten, can increase the value of the
cereals, as it is a source of by-products, with coproducts such as steep solids (abundant in compounds
of pharmaceutical interest), germs (used in the oilseed-crushing industry), and bran [104].

2.2.2. Mashing

The traditional mashing process differs greatly, depending on the local culture, and has
low efficiency. In Africa, either sorghum or finger millet malt is commonly used as a source of
enzymes [22,108]. In the case of gowé production, a beverage based on maize and sorghum, the grains
are milled to flour, which is optionally mixed/kneaded with tap or hot water or with a supernatant
of a previous production and left to ferment at room temperature. Additionally, this processing
technique can include a saccharification step, where a part of the malted sorghum or maize flour is
kneaded with water and left for saccharification for 5 to 10 h [107]. For munkoyo, a maize-based
beverage with a variable ABV, the specific feature is the usage of Rhynchosia roots or watery root extract
as an enzymes source [22,77,78]. Starch gelatinization facilitates the activity of α- and β-amylases
from the Rhynchosia roots for at least 4 h up to a maximum of 24 h, which hydrolyse the starch into
fermentable sugars [22,103,109]. Mahewu is an example of a non-alcoholic sour beverage made from
corn meal, consumed in Africa and some Arabian Gulf countries [74]. It is prepared from maize
porridge further mixed with water. Sorghum, millet malt, or wheat flour is then added and left to
ferment [19]. The production techniques of obtaining kvass, a cereal-based beverage produced from
rye and barley malt, rye flour, and stale rye bread, uses as raw material either stale sourdough bread or
malt rye malt and rye flour [110]. Boza is a colloid suspension, non-alcoholic beverage consumed in
Bulgaria, Albania, Turkey, and Romania, made from wheat, rye, millet, maize, and other cereals mixed
with sugar or saccharine [92]. Boza’s preparation involves six stages: the preparation of raw materials,
boiling, cooling, straining, the addition of sugar, and fermentation. Another option for its production
is the use of previously fermented boza as an inoculum [59].

The industrial mashing process resembles the beer production process. Between one and three
volumes of water are added per volume of milled grains, and during the cooking process, the mixture
turns into a mash. The mixture is cooked at a normal pressure or in an autoclave for about 2 h at
4–5 atmospheres.
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The macromolecular profile of cereal-based beverages is generally determined by polymeric
compounds (proteins, polysaccharides, and polyphenols) and their progress in depolymerization
during processing [111,112]. Given that yeasts or specific strains of lactic acid bacteria (LAB) cannot
metabolize high-molar-mass substances [113], the macromolecules are solely depolymerized during
the malting and mashing process by the malt’s intrinsic enzymes. During malting, the enzymatic
degradation of polymers is technologically controlled by the degree of steeping, germination time,
and germination temperature [114,115]. Modern brewing barley varieties are bred to be balanced
in malting performance and to meet the required brewing specifications. The degradation of starch
into fermentable sugars (amylolysis) is the primary objective of mashing (substrate production
for fermentation) [116], since during the subsequent fermentation process, only low-molar-mass
compounds, fermentable sugars, and low-molar-mass proteinaceous compounds are metabolized by
microorganisms (e.g., LAB and yeasts) [117,118].

Lautering is the next step in the large-scale process, through which solid and liquid fractions,
respectively, the spent grain, composed of sugar-extracted grist or solids remaining in the mash,
and the sweet wort with high contents of fermentable sugars are obtained. The spent grain is the major
by-product of the brewing industry and represents a valuable source of bioactive ingredients and a
potential ingredient for functional foods [119]. In small-scale production, malt extract can be used
instead, thus skipping the use of grain malt (including milling, mashing, and lautering) [120].

2.2.3. Cooling and Addition of Yeast, LAB Cultures, and Other Ingredients

After boiling, the mash is gradually mixed with cold water in a 1:1 ratio. This slurry is often filtered
or decanted to remove the grinding waste and insoluble plant material. In many traditional processes,
where cereals are soaked in water for a few days, a succession of naturally occurring microorganisms
will result in a population dominated by LAB. In such types of fermentations of endogenous grains,
amylases generate fermentable sugars, which serve as energy sources for lactic acid bacteria. When no
malted cereals are used, sucrose is added to the beverage to mimic the malt’s sweet taste.

The bacterial flora formed in each fermented cereal drink is influenced by several factors, such as
water activity, pH level, salt concentration, temperature, and the composition of the grain matrix,
which must be considered in industrial processes. However, most fermented drinks, including the
well-known products commonly met in the Western world, as well as those beverages of other
origins which are less well studied and characterised, rely on lactic acid bacteria to mediate the
fermentation process [19,121]. Lactic acid fermentation contributes towards the nutritional value,
shelf life, safety status, and acceptability of a wide range of cereal-based foods [118]. Fermentation is
often just one step in the process of fermented food preparation. Other operations, such as volume
reduction, salting, or heating, also affect the final product characteristics [19,122]. Depending on the
desired product, further steps can be applied afterwards, such as standardisations and the addition of
other ingredients like flavourings, sugar, and stabilizers.

2.2.4. Fermentation Process

Despite the lack of process control, dealing with unstandardised microbial flora composition,
delayed fermentation, and imperfect reproducibility of the fermentation process, spontaneous
fermentation offers complex microbial diversity, providing higher levels of intrinsic stability to
the microbial community [123]. This is achievable due to stabilizing interactions between species
that prevent and inhibit the proliferation of unwanted microorganisms, including pathogenic ones.
Recently, the existence of stability criteria for complex microbial communities was proven [124].
In terms of spontaneous fermentation, this can be explained by the resilience to small perturbations
when there is a balance between the availability of resources, namely nutrients, and consumers
(e.g., lactic acid bacteria). Commonly, the production of artisanal fermented beverages is conducted in
successive batches [55], by using a natural starter from the previous fermentation. At all traditional
sites, spontaneous fermentation proceeds after cooling. A 24 h fermentation period is sufficient for
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some traditional beverages to develop their characteristic sensory attributes, although in practice,
fermentation time can go on for up to three days. Some brews, obtained through a 6 to 15 h fermentation
interval of non-malted grain flour, are enhanced with commercial sugar (sucrose) to obtain the sweet
taste. This process is a distortion of the original germination technique for gowé production [22].
A modern industrial process is different from the traditional process regarding the introduction and
control of thermophilic LAB cultures, which only produce lactic acid, the extension of the product’s
shelf life by pasteurization and/or chemical preservation, and the inclusion of sugar and/or artificial
sweeteners [125,126]. Controlled fermentation also leads to a general improvement in the shelf
life, texture, taste, and aroma of the final product. During cereal fermentation, several volatile
compounds are formed, which contribute to a complex blend of flavours [127]. Moreover, there is a
good opportunity to apply colloidal dispersions in the form of nanoemulsions to deliver food grade
nanoparticles, which contain water-insoluble molecules that were formerly unsuitable due to their
poor soluble characteristics. Thus, there is a wide range of healthy foods which can be further designed,
such as cereal-based fermented beverages enhanced with nanomolecules possessing beneficial health
attributes [27].

2.3. Fermentation Microbiota and Safety of NFCBs

Originally, fermented beverages were only consumed in their native regions, however, due to
increasing demand and interest, some of those traditional beverages are available to international
markets. The attributes of traditional fermented beverages are influenced by several factors, such as
the use of different raw materials, manufacturing methods, natural microbiota, and fermentation
conditions. The microbiology of many traditional fermented drinks prepared from the most common
types of cereals is quite complex.

There is a lot of diversity in the traditional processing techniques used for cereal-based fermented
beverages all over the world, integrating single or multigrain cereals, germinated and/or non-germinated
grains. Many types of cereal-based fermented beverages are produced in Africa, such as togwa in
Tanzania, mahewu in Zimbabwe and South Africa, mawè in Benin, and munkoyo in Zambia and the
Democratic Republic of the Congo [9,19,128,129]. Generally, the preparation of these products is a
traditional family activity with an uncontrolled fermentation process by diverse microbial communities.
The composition of the microbial community in a fermented food product largely determines the
key product properties [130,131]. In other words, variations in microbial communities may result in
differences in product quality, taste, acceptability, and microbial stability.

In one of our previous papers [55], we proved the impact of processing parameters,
namely temperature and batch fermentation cycles, on the chemical composition of bors, . Interestingly,
the final composition of cereal-based beverages might not only be influenced by the physical process
parameters. Processing practice variation affects the microbial composition of the fermenting microbial
community. Despite the decreased pH caused by the lactic acid bacteria activity, the low pH of munkoyo
also permitted the development of acidifying bacteria [22]. An important role is played by the initial
microbial composition of the raw materials used in the process. The same study also referred to the fact
that further investigations might be needed into the soil composition of the harvested raw materials.
Along with the prevention of growth of most pathogenic strains [132], a low pH (of 2.5 to 3.5) improves
food safety and expands the shelf life of this type of beverage [22]. The pathogenic microorganisms
that are aerobes and facultative anaerobes and ferment simple sugars have an optimum pH for growth
of 6.0 to 8.0. However, growth can occur at a pH as low as 4.3 and as high as 9, but with a combination
of factors (pH, water activity), the control of foodborne pathogen growth can be done [133].

The fermentation of most cereals is natural and involves mixed cultures of yeasts, bacteria,
and fungi [134]. Some microorganisms may participate in parallel, while others act in a sequential
manner with a changing dominant flora during fermentation. The challenge, though, is the
generally uncontrolled nature of the fermentation, which raises safety concerns, as well as the
lack of standardization in the methods used, thus further research and development are needed to
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improve the traditional fermentation processes [80]. In this regard, the introduction of starter culture
technology has led to greater consistency and safety and to better product quality [135].

Furthermore, the main difficulties encountered in the production of cereal-based beverages using
traditional processes are linked to the high variability of unit operations and the unhygienic conditions
of the processing environment. The soaking and germination parameters (temperature, duration,
moisture) vary within and between processors. Moreover, during soaking and germination, the grains
can be infested by fungi with the potential development of mycotoxins (aflatoxins) [136].

The continuous study of the fungi, yeasts, and bacteria strongly involved in ensuring a certain
quality of the NFCB allows for the optimization of same-product delivery [85,137,138]. Such upgraded
fermented beverages are sometimes the outcome of general efforts to enhance original recipes [139].
Kunun-zaki is an example of a traditional wheat and sorghum fermented beverage now also commercially
available in the form of a powder [68], and there are several strategies proposed to upgrade and
re-engineer the process of gowé production, a beverage obtained from sorghum and maize [66]. As seen
so far, it is possible to prolong shelf life through the co-incubation of probiotic cultures, as seen in the
development of some cereal-based fermented beverages [37,140] or to market to a group of consumers
looking for healthy and functional foods by using oats, for example, as a main ingredient [141].
In-depth studies are still being conducted to ensure food safety in the processing technology of
fermented foods through the keen selection of starter cultures and thorough examination of the
specific microorganisms [142,143]. For example, it was recently shown that Enterococcus faecium YT52
isolated from boza is susceptible to clinically relevant antibiotics and contains low numbers of virulence
factors and antibiotic resistance genes. Therefore, the enterocin-producing E. faecium YT52 strain
poses a low risk to consumer health, and this strain may be used as a starter or a co-starter culture
for improving the food safety of fermented products by acting against foodborne pathogens, such as
Listeria monocytogenes and Bacillus cereus [144]. Moreover, rethinking the technological processes for
obtaining various cereal-based fermented beverages helps to increase their functionality and overall
therapeutic and nutritional properties. Such an example is boza, enhanced by fermenting cereals with
Lactobacillus acidophilus, Bifidobacterium bifidum, and Saccharomyces boulardii, and by adding chickpea
flour to the fermentable substrate for an elevated protein content [145]. Along with these interventions,
narrowing the risks of product spoilage through the inoculation of specific strains of LAB and yeasts
and processing the cereals in a certain manner repetitively allows the producers to deliver same-quality
functional NFCBs.

Fermentation is one of the oldest known biotechnologies and the most economical procedure for
producing new foods and ensuring product conservation. The yeasts responsible for fermentation
in fermented drinks include species of Saccharomyces, Saccharomycopsis, Schizosaccharomyces, Pichia,
Candida, Torulopsis, and Zygosaccharomyces. Brewer’s yeast, Saccharomyces cerevisiae, metabolizes
various sugars, mainly into alcohol, but also into other flavour-active substances. The most used
microorganisms in fermentation processes belong to Lactobacillus species, which synthesize many
flavour-active substances and lactic acid and are considered probiotic microorganisms known to
support intestinal microbiota [146]. Fermented beverages are known to be rich in bioactive compounds,
such as immune globulin peptides and the bioactive hormone cytokinin [19,71,82,147,148]. The use of
a wide variety of microorganisms and yeasts is implied in the production of NFCBs by both traditional
and modern means.

Largely responsible for the fermentation process are the indigenous microbiota present on
the substrate or which can be added artificially as a culture. Basically, there are four main
fermentation processes, which include alcohol production, lactic acid development, acetic acid
production, and alkaline fermentation [19]. The modern industry for fermentative foods and beverages
is innovative, given that it currently employs thermophilic fermentation, DNA technologies, molecular
devices, designed starter cultures, genetic engineering, etc. Recombinant DNA technology has
provided new insights for enhancing the product quality by designing tailor-made starter cultures that
perform better than those found naturally [60]. For example, Basinskiene et al. used Lactobacillus sakei
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KTU05-6 and Pediococcus pentosaceus KTU05-10 to ferment extruded rye for obtaining kvass, a traditional
Lithuanian NFCB. They showed that the pH of the beverages fermented by LAB reached lower
values compared to yeast fermentation and a they had a higher amount of organic acids. Innovative
technology was applied, such as xylanolytic enzymes and antimicrobial active LAB, to improve the
product’s functional properties [71].

Functional cereal fermented beverages are becoming more attractive as they represent healthy
alternatives for lactose intolerant consumers and for those who avoid certain allergens. For example,
a study describes the production of kefir-like riboflavin-enriched beverages based on oat, maize,
and barley flours. To obtain this beverage, riboflavin-producing Andean LAB were used, consisting of
five Lactobacillus plantarum strains and two Leuconostoc mesenteroides strains [149].

As previously discussed, ensuring product safety, although difficult at times, is a crucial step
in the production of traditional beverages where the fermentation process is spontaneous. Thus,
microorganisms found on the brewers’ skin, hair, and clothes can alter the product safety, therefore,
high standards of hygiene are mandatory. Nevertheless, through the identification of bacteria strains
and yeasts, the safety and quality status of the fermented beverages are guaranteed. A safety case
study was conducted concerning “obushera”, a Ugandan traditional fermented cereal beverage where
important steps, such as pasteurization and ensuring water quality, are in the loop to ensure product
safety and quality, as pathogens can also change the product’s sensory characteristics [80].

Superior results can be obtained in the production of NFCBs by better understanding the interaction
of microorganisms in the fermented substrates. The beneficial outcomes of controlling microorganisms
are mirrored in product safety, increased shelf life, improved nutrient contents and availability,
palatability, and enhanced sensory traits. For example, it was shown that S. cerevisiae improves LAB
growth by transmitting essential metabolites, such as pyruvate, amino acids, and vitamins, while it
uses some metabolites produced by LAB as carbon sources [150]. Moreover, Salari et al. concluded
in their study that malt and L. delbrueckii were the best substrate and lactic strain for producing a
functional beverage with the highest cell viability (1.2 × 106 cfu/mL after 4 weeks) [151].

Probiotics

Non-alcoholic fermented cereal-based beverages contain a wide range of diverse probiotics,
depending on their cereal substrate and overall production methods. The processing method should
assure the stability of the bacterial composition in order for the final product to possess probiotic
functionality [152]. Still, the threshold to declare a beverage a probiotic one must be higher than
107 CFU/mL. Moreover, not all lactic acid bacteria possess probiotic activity. L. rhamnosus, also present
in NFCBs (Table 1), was efficient in treatment and prevention of gastrointestinal disease [152].
The traditional Romanian NFCB, bors, , has been consumed since ancient times as a gastric remedy.
Several potentially probiotic bacteria—L. casei, L. plantarum, L. brevis, and L. fermentum—were isolated
from bors, , explaining the traditional consumption of this beverage for curative purposes [56].

The predominant microorganisms in the spontaneous fermentation of the African mahewu,
a non-alcoholic sour beverage made from corn meal and consumed in Africa and some Arabian
Gulf countries, belong to Lactococcus lactis subsp. lactis. On the other hand, the microbiota
identification of Bulgarian boza shows that it mainly consists of lactic acid bacteria and yeasts,
such as Lactobacillus plantarum, L. acidophilus, L. fermentum, L. coprophilus, Leuconostoc raffinolactis,
Ln. mesenteroides, and Ln. brevis and Saccharomyces cerevisiae, Candida tropicalis, C. glabrata,
Geotrichum penicillatum, and G. candidum, respectively [19].

In the case of Turkish boza, the use of LAB and yeast isolates as starter cultures allows for controlled
fermentation studies to be carried out. The selection of proper strains with probiotic and antimicrobial
properties enhances the functional properties of boza [59].

As seen in the case of African countries, the primary challenge for the development and use of
fermented cereal-based probiotic beverages is the common lack of knowledge regarding the health and
nutritional benefits of such foods and beverages. Insufficient common knowledge on probiotics and
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their benefits creates a sense of scepticism among consumers. Moreover, there is also an imperative need
to ensure proper facilities for probiotic starter cultures, given that through spontaneous fermentation,
the organoleptic and functional qualities of the resulting products are variable [153].

2.4. The Nutritional and Bioactive Composition of Commonly Consumed NFCBs

Consumers are aware of the importance of maintaining a strong immune system to prevent
illnesses and they are actively looking for products which can help maintain their health status and
alleviate health problems. It has been scientifically proven that probiotics isolated from functional
beverages boost the immune system [154], and that, along with prebiotics, they are able to improve the
intestinal homeostasis, immunomodulating ability, and general health of the host [27].

Looking at past publications, it is shown how fermented beverages have transitioned from
traditional natural fermented products to beverages formulated with functional ingredients meant
to offer cardiovascular health benefits, and then to functional fermented drinks which improve
gastrointestinal health, which could then evolve into fermented products containing specific bioactive
nanoparticles [134].

NFCBs are receiving increased attention from researchers and consumers more recently due
to their proven probiotic characteristics and disease prevention perspectives [17]. The perceived
health outcomes of fermented beverages are strongly related to the microbial content and implicit
improvement of gastrointestinal health [38]. Moreover, non-alcoholic fermented beverages offer a
sense of wellbeing, as they stimulate the metabolic system [126].

Fermented cereal-based foods, including NFCBs, are a potential source of new functional lactic
acid bacteria species besides various nutrients and bioactive compounds, with beneficial effects on
human health [56]. Furthermore, as briefly mentioned previously, NFCBs are healthy alternatives
to the traditionally consumed food probiotics of dairy origin (e.g., yogurt, kefir, etc.), especially for
people with lactose intolerance and milk protein allergies [27].

Given the functional components of fermented beverages and their bioactive compounds released
through fermentation by cultures, NFCBs have been linked with many potential and some proven
health benefits and actions on digestive, endocrine, cardiovascular, immune, and nervous levels [155].
They present beneficial actions for vital body functions and contribute to the prevention and reduction of
risk factors for various diseases [19,23]. NFCBs are rich sources of minerals, vitamins, fibre, flavonoids,
phenolic compounds, antioxidants, omega-3 fatty acids, plant extracts, sterols/stanols, amino acids,
and biopeptides, among others, which could also protect from oxidative stress and inflammation
diseases [17,134]. The presence of numerous valuable compounds in NFCBs grants several health
benefits upon consumption, as presented in Figure 3.

Figure 3. Health benefits associated with NFCB consumption.
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Considering group B vitamins, these are unequally distributed in grain tissues. What counts the
most in terms of their potential functionality in cereal-based food and beverages is their biological
availability. During thermal food processing, these vitamins are destroyed almost completely, however,
lactic acid fermentation represents a great tool for food industrialists interested in developing novel
vitamin-fortified products. For example, Capozzi et al. (2012) pointed out the ability of many lactic
acid bacteria strains, such as Lactobacillus delbrueckii, Lactobacillus plantarum, Lactobacillus rhamnosus,
Lactobacillus fermentum, and Pediococcus lactis, reported in the composition of several NFCBs (Table 1),
to biosynthesize riboflavin [156].

A new concept attributed to non-alcoholic cereal-based beverages is that they are healthy
drinks with important impacts on human health. It has been shown that consuming NFCBs leads
to liver function improvement, increased levels of lactobacilli and bifidobacteria in the intestinal
microbiota [157], balanced gut microbiota, and the prevention of bacterial translocation with reduced
incidences of nosocomial infections [27]. Furthermore, because non-alcoholic fermented beverages
contain several LAB metabolites, their consumption confers bactericidal, bacteriolytic, and bacteriostatic
properties, resulting in therapeutic effects at a digestive level. Antimicrobial compounds identified in
functional beverages exhibited activities against several Gram-positive and Gram-negative bacteria
and against yeasts and moulds [17]. The functional compounds and potential or proven health benefits
of NFCBs are presented in Table 1.

As previously discussed, the potential benefits of NFCBs can be ensured in a safe and
non-contaminated production environment to prevent the risk of product spoilage. Moreover,
there are diverse nutritional and bioactive components of NFCBs, depending on the cereal substrate,
microorganisms, and fermentation parameters, and on the technological process followed.

Currently, novel NFCBs are designed based on traditional recipes for delivering improved
functional fermented beverages. Such an example is “amahewu” or “mahewu”, a southern African
LAB-fermented non-alcoholic maize-based beverage, which is deficient in vitamin A. In a study
published in 2015, the traditional drink was redesigned using provitamin A-biofortified maize in
exchange for the traditionally used white maize and it resulted in a functional beverage addressing
vitamin A deficiency, a concerning health problem in sub-Saharan Africa [43].

2.4.1. Phenolic Compounds and Antioxidant Activity

Cereal grains and germs contain various major phytochemicals, such as phenolic acids, flavones,
phytic acid, flavonoids, coumarins, and terpenes. The bran layers of cereal grains are relatively rich
in water soluble and liposoluble antioxidants. Oats include phenolic acids, flavonoids, tocopherols,
tocotrienols, and avenanthramides. On the other hand, insoluble fibre of wheat bran contains about
0.5%–1% phenolics and most phenolic compounds, like ferulic acid, are abundant in whole grains [158].

Depending on the cereal substrate, fermentation type, and other added ingredients, each NFCB
can have quite different compositions. For example, the phenolic profile of brown beer vinegar
indicates that such a fermented beverage is a rich source of phenolic compounds (661 mg GAE/L)
and antioxidants, with 30% increased antioxidant activity after acetic fermentation. The same trend
was observed regarding some of the drink’s individual phenolic compounds. With cohumulone I
(4.44 mg CE/L), cohumulone II (6.58 mg/L), 8-prenylnaringenin (2.33 mg CE/L), 6- prenylnaringenin
(1.86 CE/L), humulone (5.62 CE/L), and isohumulone (4.14 CE/L) [159], this non-alcoholic fermented
beverage can be considered an alternative source of valuable compounds, which could also be part of
specific diets.

Fermentation parameters are of high importance in what concerns an NFCB’s antioxidant profile.
For example, a fermentation temperature of 24◦ C was considered a positive factor influencing
the antioxidant activity of bors, , a Romanian traditional wheat bran-based fermented beverage [55].
The antioxidant activity ranged from 3.05 to 8.52 mmol/L Trolox.

Some of the ancient traditional fermented beverages are currently produced at industrial scale.
Still, the original recipes and the nutritional components are being altered because of thermal treatments
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applied to obtain product safety and stability. The addition of natural starters allowed for the increase
in phenolic contents and the enhancement of final antioxidant activity. The same trend considering
phenolic content between fermentation stages was found in the case of bors, [56]. Depending on the
processing operations applied, the phenolic compounds ranged considerably (4-hydroxybenzoic acid:
0.9–5.9 mg/L; vanillic acid: 0.6–3.2 mg/L; syringic acid: 0.5–2.5 mg/L; p–coumaric acid: 0.5–1.5 mg/L;
sinapic acid: 0.6–2.7 mg/L; ferulic acid: 13.7–47.8 mg/L).

2.4.2. Amino Acids

Although cereals pose few challenges from a nutritional standpoint, especially with regard to
the increased starch content upon cooking, the limited amino acid contents of their protein fractions,
or the reduced bioavailability of their zinc and iron contents, there are already some solutions meant to
correct and further enhance the nutritional status of cereal-based foods and beverages [160].

For example, in a study conducted on bors, , an increase in amino acid content was found from one
fermentation stage to another. The same study stated that the LAB fermentation of cereals improves
the protein quality as well as the level of certain free amino acids by enhanced endogenous proteolysis
and/or microbial action. Among the identified amino acids, there were isoleucine and threonine [56].

In general, the natural fermentation of cereals allows for amino acids to be synthesised, while it
also helps to enhance the availability of group B vitamins. Fermentation processes also offer suitable
pH conditions for phytate enzymatic degradation. Such a reduction in phytate may increase the
amount of soluble iron, zinc, and calcium several fold, correcting the nutritional status of cereal-based
beverages and foods [19].

3. Future Perspectives to Enhance the Functional Properties of NFCBs

3.1. Consumers’ Preferences and Requirements

The way we perceive healthiness in foods varies between cultures and is reflected in the consumers’
familiarity with health-related information [161]. Moreover, modern-day buyers might show increased
interest in foods which can improve well-being [162], reduce the risk of developing illnesses, and satisfy
nutrition-related conditions such as food intolerances and allergies. Currently, consumers approach
the concept of wellness with a holistic view and are becoming more health conscious, particularly
due to the growing incidence of diseases such as type 2 diabetes, coronary heart disease, cancer,
and obesity [163]. There is a heightened demand for food products which are nutritious, functional,
attractive, with clean labels, and which are ready to eat. Considering such attributes, the beverage
sector seems to be one of the most suitable for addressing customers’ demands and for increasing
the rate of functional product consumption. Market data indicate that functional food products are
among people’s choices even when economic issues arise. The global functional beverage market has
increased rapidly, and it is expected to grow further, due to their sensory appeal and health-promoting
attributes [38].

Studies showed that providing information on labels regarding health-related claims associated
with functional beverages determines consumers’ preferences for a specific product [164]. Not only
health-related claims but also the sensory properties determine consumers’ preferences for a specific
functional beverage [34]. It was suggested that the importance of specific testing conditions for
functional beverages will help product developers to reformulate the product with the proper
design of experiments, focusing on the consumers’ needs [165], as they will determine the product
acceptance [166]. The urgent need for educational campaigns designed with accessible and easily
understood wording about the nutritional components of foods has already been pointed out [167].
Although the previously mentioned study was conducted in Brazil, insufficient knowledge about
nutritional facts for food products is a worldwide issue strongly related to the level of education [168].
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3.2. Possibilities of Improving the Appeal and Functionality of NFCBs

The functional beverage market is competitive and driven by product innovation and health
awareness trends concerning optimum nutritional diets. The biological activities and the sensory
properties of a beverage arise from individual components, along with chemical and physical
interactions within the food matrix during processing, storage, ingestion, and digestion [169].
Beverages deliver nutrients, bioactive components, antioxidants, vitamins, minerals, fatty acids,
plant extracts, probiotics, prebiotics, and micronutrients [13]. Cereal-based beverages include a complex
mix of different polymers, such as proteins, polyphenols, and polysaccharides. These polymers affect the
sensory perception of beverages in terms of mouthfeel, depending on their substance properties [112].

Several strategies have been set to intensify the production, availability, accessibility,
and consumption of beverages rich in bioactive compounds. These include combining cereals
with pseudocereals (e.g., quinoa, amaranth, etc.), legumes, vegetables extracts, fruits, aromatic plants,
and herbs to improve the quality of the final food product [19,56,170,171]. Furthermore, mixing cereals
with legumes could improve protein quality [172]. Fruit juices (e.g., apple, pineapple, mango, orange,
lemon, peach, lychee, and strawberry) are considered as health-promoting foods and are an important
basis of enrichment on which to append an extra functional constituent that can significantly augment
the appeal to customers. Cereal beverages are based on grain suspensions. The viscosity, mouthfeel,
and sweetness of the drink can be adjusted to the consumers’ tastes using enzyme compounds. Wort can
be mixed with various plant- and fruit-based juices to obtain a beverage rich in dietary fibre suitable
even for athletes and sport amateurs. Moreover, innovative flavours can be obtained by fermenting
the extract with specific microorganisms. As previously mentioned, fruits were also employed in the
overall production scheme of fermented cereal beverages, as these are the added sugar necessary for
initiating the fermentation process. Chemical analyses of ancient organics absorbed into pottery jars
from the early Neolithic village of Jiahu, Henan Province, China have revealed that a mixed fermented
beverage of rice, honey, and fruit (hawthorn fruit and or grape) was being produced as early as the
seventh millennium B.C. [173]. Such findings inspire the development of new functional products,
such as yogurt-like beverages made of a mixture of rice, barley, emmer wheat, oats, soy, and grape
must [174] or of other milk-based functional drinks using fermented plant juices [175,176].

Plants are valued for their nutrients such as vitamins, dietary fibre, antioxidants, and flavonoids,
which have shown nutritious and health-promoting properties [134]. Bioactive compounds derived
from fruits and vegetables can be good vehicles for probiotics, prebiotics, and synbiotics (e.g., fermented
cereal beverages) [57,58]. Spices such as tarhana herb, mint, and thyme are mixed with wheat flour,
yogurt, vegetables, and herbs to produce a traditional Turkish fermented food called tarhana [177,178]
and improve taste, aroma, and other profile characteristics. Moreover, it is suggested that adding
herbs with proven beneficial compounds to otherwise traditional fermented soft drinks can augment
the nutritional profile of fermented cereal beverages and add therapeutic potential [179]. Among the
suggested herbs, we can find echinacea (Echinacea angustifolia) for antibiotic action and immune system
support, ginkgo (Ginkgo biloba) for enhancing memory and alertness, guarana (Paulina cupana) for
improved cognitive performance, kava (Piper methysticum) for stress reduction and mental balance,
and St John’s Wort (Hypericum perforatum) for anxiety reduction [180]. Vegetables such as beets,
tomatoes, carrots, and cabbage can also be included in the production of some functional NFCBs,
as they provide supplementary fermentable substrates and nutrients, and act as prebiotics in the
final product [181]. Shalgam is a traditional Turkish NFCB made of turnip bulb, purple carrot, salt,
sourdough, bulgur, or bulgur flour [182], and is thought to regulate the digestive system’s pH and
to act as an antiseptic agent. The results of a research study conducted on the co-culture probiotic
fermentation of a protein-enriched cereal medium suggests that plant protein may be exploited for
achieving protein supplementation of NFCBs. Legumes like chickpeas, individually or in combination
with cereals, can provide a good substrate for probiotic microorganism production [145]. Additionally,
the composition of legumes, vegetables, and fruits is known to be rich in protein, phytochemicals,
dietary fibre, vitamins, and other micronutrients beneficial for human health [183].
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Currently, concepts like “green consumerism” and “minimally processed foods” are on the rise,
as consumers prefer food lacking synthetic additives. Natural compounds that can be added to
functional beverages, such as essential oils and plant extracts including rosemary, peppermint, bay,
basil, tea tree, celery seed, and fennel with antimicrobial activity, might represent an alternative
to synthetic preservatives. The challenge is to define the optimal dosage of such compounds to
have a positive impact on the product’s final nutritional status, sensory properties, and consumer
acceptance [12].

3.3. Perspectives for Future NFCBs

Due to the increasing prevalence of lactose intolerance and milk protein allergies, as well as the
general aim of controlling cholesterol intake, and along with the growing interest in vegetarianism,
research efforts have been focused on the feasibility of using cereals as fermentation substrates for the
development of probiotic, prebiotic, and synbiotic beverages [27,113,184]. In the production of various
non-alcoholic drinks, probiotic lactic acid bacteria are used to boost the product’s functional value [143].
Although ensuring nutritive compounds within NFCB is a crucial step for product development,
flavour improvement remains one of the main challenges for the development of LAB-fermented
beverages obtained from cereal-based substrates [185].

It is a fact that improved and more appealing NFCB sensory properties would help consumers
shift their interest intensively towards such healthy products. The efficacy of probiotics in the treatment
of bowel disorders, the prevention of antibiotic-associated diarrhoea, and the improvement of lactose
metabolism has been proven [186]. It has been also concluded that both fermentation and acidification
with lactic acid have the potential to improve the nutritional quality of cereal-based foods as a method
to combat protein malnutrition and iron and zinc deficiencies [187].

Biotechnological processes, such as malting and lactic acid fermentation, are recommended for
producing functional beverages with increased contents of functional bioactive components [188].
There are numerous important benefits of enhancing NFCBs through biotechnological processes and
it is worth mentioning the reduction of phytates through LAB-fermentation, which in turn leads to
the increased absorption of Fe and other minerals [189]. Due to cereal fermentation, quantitative and
qualitative changes take place in small molecules, ensuring the high bioavailability of macro- and
micronutrients [190,191]. As mentioned earlier, prebiotics and dietary fibre can be added to fermented
drinks to heighten their nutritive and functional contents. For example, it was shown that the addition
of soy fibre not only improves Lactococcus lactis counts but also enhances the beverage characteristics
regarding acidity, viscosity, and syneresis [192].

Currently, emerging techniques, such as nanotechnology, are in discussion to enhance the
nutrient composition and functionality of NFCBs. However, continuous research and technological
improvements are required to better design NFCBs and ensure product safety. It is also crucial to
improve the quality of the main ingredients and it is imperative to integrate food safety management
systems for industrial scale production. The proposed solutions include the development of new
production technologies for obtaining functional NFCBs by extending the spectrum of raw materials
used and applying new biotechnological resources (enzymes and lactic acid bacteria) [71].

4. Conclusions

Science and technology have the potential to produce superior functional NFCBs and to deliver
consistent product quality, to improve shelf life, and to enhance nutritional values to finally meet the
consumers’ demands. Past research studies have proven that lactic [55] and acetic [159] fermentation
enhance the nutrient content and their bioaccessibility in the case of cereal-based fermented beverages.
Adding probiotics and prebiotics to a beverage is perhaps one of the most convenient ways of turning
it into a functional beverage.

The research efforts on the enrichment of non-alcoholic fermented cereal beverages are still in
their early stages but appear to be more promising than ever. Upcoming studies should focus on
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traditional non-alcoholic fermented beverages around the world to identify new potential probiotic
microorganisms and starter cultures, new ingredients as potential substrates, and to elucidate the
contributions of microorganisms and enzymes to the fermentation process.

Knowledge about processing applications and bacterial strains is essential to control the production
methods and to design proper mixes of microorganisms, ensuring product safety. Afterwards,
starter cultures with expected outcomes can be used for the industrial production of standard-quality
fermented beverages with functional attributes.

The effect of advanced technologies on NFCB functional properties during processing requires
additional studies to ensure that these technologies can prevent the loss of product quality and nutritive
compounds. Moreover, for both scientific and industrial actors, the main challenge is to manage the
large-scale production of fermented beverages without losing the unique flavours and other properties
associated with the original products. Given this, it is highly recommended to explore the sensory
properties of NFCBs when obtained from a combination of cereals, legumes, fruits, and plants.

The current review investigates some of the most scientifically documented traditional
non-alcoholic beverages from all over the globe, highlighting their functional compounds and
associated health benefits upon consumption. Moreover, processing technologies and their outcome
were highlighted and discussed from a large-scale production standpoint. NFCBs were also reviewed,
concerning fermentation microbiota and product safety, highlighting the need to apply starter cultures
to ensure food safety and standard quality. The nutritional and bioactive compositions of commonly
consumed NFCBs were reviewed, showing the functional compounds of NFCBs and their associated
health benefits.

NFCBs are associated with functional benefits to one’s health status, as discussed. However,
new studies should be carried out to produce new NFCBs, combining probiotic fermented beverages
and products such as fruit juices, vegetables, and cereals, meant to address specific health
concerns. Future cereal-based fermented beverages need to be balanced regarding sensory properties,
nutritional composition, alcohol content, and resource investments to be even more attractive, healthy,
and affordable.
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57. Yeǧin, S.; Üren, A. Biogenic amine content of boza: A traditional cereal-based, fermented Turkish beverage.
Food Chem. 2008, 111, 983–987. [CrossRef]

58. Kedia, G.; Wang, R.; Patel, H.; Pandiella, S.S. Use of mixed cultures for the fermentation of cereal-based
substrates with potential probiotic properties. Process Biochem. 2007, 42, 65–70. [CrossRef]

59. Altay, F.; Karbancioglu-Güler, F.; Daskaya-Dikmen, C.; Heperkan, D. A review on traditional Turkish
fermented non-alcoholic beverages: Microbiota, fermentation process and quality characteristics. Int. J.
Food Microbiol. 2013, 167, 44–56. [CrossRef]

60. Sahu, L.; Panda, S.K. Innovative Technologies and Implications in Fermented Food and Beverage Industries:
An Overview. In Innovations in Technologies for Fermented Food and Beverage Industries; Springer: Berlin,
Germany, 2018; pp. 1–23. [CrossRef]

61. Ramakrishnan, S.R.; Ravichandran, K.; Antony, U.M. Whole Grains: Processing, Product Development, and
Nutritional Aspects; Mir, S.A., Manickavasagan, A., Shah, M.A., Eds.; CRC Press: Boca Raton, FL, USA, 2019;
pp. 103–127.

62. Lee, Y. Characterization of Weissella kimchii PL9023 as a potential probiotic for women. FEMS Microbiol. Lett.
2005, 250, 157–162. [CrossRef]

63. Vieira-Dalodé, G.; Jespersen, L.; Hounhouigan, J.; Moller, P.L.; Nago, C.M.; Jakobsen, M. Lactic acid bacteria
and yeasts associated with gowé production from sorghum in Bénin. J. Appl. Microbiol. 2007, 103, 342–349.
[CrossRef] [PubMed]

64. Mandal, V.; Sen, S.K.; Mandal, N.C. Isolation and Characterization of Pediocin NV 5 Producing Pediococcus
acidilactici LAB 5 from Vacuum-Packed Fermented Meat Product. Indian J. Microbiol. 2011, 51, 22–29.
[CrossRef] [PubMed]

65. Adinsi, L.; Akissoé, N.H.; Dalodé-Vieira, G.; Anihouvi, V.B.; Fliedel, G.; Mestres, C.; Hounhouigan, J.D.
Sensory evaluation and consumer acceptability of a beverage made from malted and fermented cereal: Case
of gowe from Benin. Food Sci. Nutr. 2015, 3, 1–9. [CrossRef] [PubMed]

66. Adinsi, L.; Mestres, C.; Akissoé, N.; Vieira-Dalodé, G.; Anihouvi, V.; Durand, N.; Hounhouigan, D.J.
Comprehensive quality and potential hazards of gowe, a malted and fermented cereal beverage from West
Africa. A diagnostic for a future re-engineering. Food Control 2017, 82, 18–25. [CrossRef]

40



Foods 2020, 9, 1031

67. Agarry, O.O.; Nkama, I.; Akoma, O. Production of Kunun-zaki (A Nigerian fermented cereal beverage) using
starter culture. Int. Res. J. Microbiol. 2010, 1, 18–25.

68. Nkama, I.; Agarry, O.O.; Akoma, O. Sensory and nutritional quality characteristics of powdered‘ Kunun-zaki’:
A Nigerian fermented cereal beverage. Afr. J. Food Sci. 2010, 4, 364–370.

69. Wartu, J.R.; Whong, C.M.Z.; Abdullahi, I.O.; Ameh, J.B.; Musa, B.J. Trends in total aflatoxins and nutritional
impact of triticum spp during fermentation of kunun-zaki; a Nigeria sorghum bicolor based non-alcoholic
beverage. Int. J. Life Sci. Pharma Res. 2015, 5, 26–35.

70. Olufunke, A.P. Assessment of Nutritional and Sensory Quality of Kunun Zaki—A Homemade Traditional
Nigerian Beverage. J. Nutr. Food Sci. 2014, 05, 3–5. [CrossRef]

71. Basinskiene, L.; Juodeikiene, G.; Vidmantiene, D.; Tenkanen, M.; Makaravicius, T.; Bartkiene, E. Non-alcoholic
beverages from fermented cereals with increased oligosaccharide content. Food Technol. Biotechnol. 2016,
54, 36–44. [CrossRef]
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Abstract: Despite the interest in stone-milling, there is no information on the potential advantages
of using the resultant wholegrain flour (WF) in bread-making. Consequently, nutritional and
technological properties of WFs obtained by both stone- (SWF) and roller-milling (RWF) were assessed
on four wheat samples, differing in grain hardness and pigment richness. Regardless of the type of
wheat, stone-milling led to WFs with a high number of particles ranging in size from 315 to 710 μm),
whereas RWFs showed a bimodal distribution with large (>1000 μm) and fine (<250 μm) particles.
On average, the milling system did not affect the proximate composition and the bioactive features
of WFs. The gluten aggregation kinetics resulted in similar trends for all SWFs, with indices higher
than for RWFs. The effect of milling on dough properties (i.e., mixing and leavening) was sample
dependent. Overall, SWFs produced more gas, resulting in bread with higher specific volume. Bread
crumb from SWF had higher lutein content in the wheat cv rich in xanthophylls, while bread from
RWF of the blue-grained cv had a moderate but significantly higher content in esterified phenolic
acids and total anthocyanins. In conclusion, there was no relevant advantage in using stone- as
opposed to roller-milling (and vice versa).

Keywords: wholewheat flour; stone milling; roller milling; bioactive compounds; bread; pigmented
wheat; dough rheology

1. Introduction

Whole grains have been (and still are in several countries) the most important energy source of
mankind. They constitute a valuable and inexpensive source of numerous nutrients and phytochemicals,
including fiber, phenolic compounds, minerals, and vitamins, mainly located in the germ and bran
regions [1,2]. Although a universally accepted definition of whole grain has yet to be formulated [3],
it is widely recognized that a whole grain product must contain bran, germ and endosperm in the
same proportions as in the original, native grain [3]. Whatever the official definition is, the relationship
between the consumption of whole grain foods and a lower incidence of diseases in the Occident has
been suggested by numerous epidemiological studies [4–8].

Thanks to public institutions (governments and health organizations) and extensive promotional
campaigns, consumers nowadays are fully aware of the numerous health benefits associated with the
consumption of products made from whole grain flour (WF). Consequently, the demand for wholegrain
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products—in particular for staple foods such as bread and pasta—has been constantly growing [9].
This trend is recognizable even in countries where products made from refined flour have always been
preferred for their undisputed superior sensory characteristics.

At present, two milling processes are mainly used to produce WF from wheat: (i) single–stream
milling, and (ii) multiple-stream milling with recombination [10]. The former—where stone mills are
used—is the world’s oldest system for flour production. The stone mill is quite a simple machine,
formed by two horizontal and overlapping grinding stones where the upper revolves while the other
(bedstone) is stationary [11]. Grains are fed in the gap between the two stones and undergo shear,
compression and abrasion forces. The ground fractions stay together during the entire milling process,
and they are collected (with an extraction rate of 100%) at the bottom of the bedstone without separation
according to particle size or composition [12].

Multiple-stream milling became established in the mid-1800s [11]. According to this process,
wheat grains are progressively ground by means of a sequence of cast iron roller mills followed by
sieving and sifting of the ground material [13]. Due to differences in composition, bran, germ and
endosperm exhibit different friability and breakage patterns, thus facilitating the separation of bran and
germ from flour, which derives from the endosperm. The separation of the three regions is enhanced
by conditioning the kernels before milling [11,13]. The flour extraction rate is usually about 70% [12].
Even this milling process may lead to a WF if the different “fraction streams”—originating with the
repeated grinding and sieving steps—are gathered at the end of the process. The extraction rate of the
recombined WF should be about 100%, and the endosperm, germ and bran should be present in the
same ratio as in the native whole grain [10]. Roller milling guarantees higher productivity, flexibility
and more constant results over time; consequently, this process is highly preferred for industrial
applications [13,14]. Moreover, the separation of bran and germ fractions during the process allows
further treatments before recombination, such as mild heating and/or bran grinding, improving both
technological performance and storage of the WF [13,15].

On the other hand, stone milling has been rediscovered in recent years by small farmers and
bread-making artisans as it requires relatively low capital inputs [16]. Certainly, the simplicity and
cheapness of the process (only one operation; grain tempering is not mandatory) also makes it suitable
for household milling, favoring whole grain consumption for some segments of population [14].
Nevertheless, despite these advantages, stone milling not only is characterized by a lower yield but
may also worsen the rheological properties of WF due to varying degrees of heat development [16,17]
according to the type of small-scale mills used [14]. The negative effects of stone milling can be reduced
by choosing suitable wheat cultivars (cvs) and/or farming procedures, as suggested by Gélinas et al. [18].

Despite the great interest in stone milling and increasing demands for WF-produced food,
few studies have compared the effects of stone and roller milling on the same wheat varieties to identify
and evaluate analogies and differences between the two kinds of WF [15,19]. Some research has found
similarities in proximate chemical composition and phenolic profile of WF from stone milling (SWF)
and roller milling (RWF) [17,20,21]. On the contrary, by promoting high heat development due to
friction, compression and shear phenomena, stone milling leads to a significant loss in aminoacids and
unsaturated fatty acids [17]. This worsening can affect not only the nutritional aspects of flour but also
its technological properties, due to a partial denaturation of gluten proteins, relevant starch damage
and/or differences in particle size distribution [15,17,20]. Specifically, SWFs exhibited lower pasting
properties, higher water absorption, and lower stability compared to RWFs [14,21].

Regarding the relationship between milling process and bread quality, the data are not in
agreement. Liu et al. [21] emphasized that RWFs exhibited the best steam-bread making performance,
while according to Kihlberg et al. [22], bread produced using RWF was characterized by regular shape
but higher compactness. Nevertheless, differences in bread volume in WFs obtained by the two types
of milling can be resolved by adopting sourdough fermentation [14].

The few studies published so far on the effects of the milling process on WF and bread properties
obtained by the same type of wheat presented no univocal findings and prompted our study to
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aim at giving a complete overview of behavior–from milling to baking–of WFs from four types of
common wheat (T. aestivum L.), all belonging to the bread-making class and characterized by high
protein content. Beyond these common traits, the four wheat samples differed in protein strength and
physical structure of kernels–hard, semi-hard and soft endosperm–a property that highly impacts
milling behavior and performance [23]. Moreover, two pigmented varieties were distinguished by
their richness in bioactive compounds, differently located in the kernel (polyphenols and anthocyanins
in the external layers and xanthophylls in the endosperm), whose retention has to be carefully ensured
along the whole transformation chain.

2. Materials and Methods

2.1. Wheat Samples

The present study analyzed the SWF and RWF derived from four common wheat (Triticum
aestivum L.) samples.

Table 1 compares the main information regarding the wheat samples. The two pigmented wheat
cvs were chosen for their interesting bioactive compound content [24].

Table 1. Main information of common wheat samples.

Cultivar Cultivation Region Hardness Color
TW

kg/hL
TKW

g

Bolero Piedmont region, Italy soft white 78.0 33.3
CWRS Manitoba region, Canada hard red 77.8 34.8

Bona Vita Piedmont region, Italy medium yellow 74.6 36.5
Skorpion Piedmont region, Italy medium blue 70.4 48.0

TW, test weight; TKW, thousand kernel weight.

2.2. Milling Procedures

An aliquot (70 kg) of each sample was stone-milled (Molino Tomatis; Niella Tanaro, Italy),
without kernel conditioning through a single-stream process, without any sifting, to produce SWF.
The stone mill used was made of two discs of natural French burrstones, from the district of La
Ferté-sous-Jouarre (France). The stones, 1.3 m in diameter, are arranged on a vertical axis, with the
upper stone rotating at 70 rpm. The distance between the two stones at their centers was about 1 mm.
The opposing surfaces of the stones were subdivided into 10 harps and grooved from the center to
the circumference. After the proper cleaning operation, 40 kg of each sample was milled and the
flour discarded, in order to reach stable operative conditions (speed, temperature) of the stone mill
before sampling. The remaining 30 kg aliquot was then milled, carefully mixed to favor fraction
blending and subsampled for rheological and chemical analysis. Another aliquot (10 kg) of grains
was conditioned (16 h at 20 ◦C) till reaching 16% moisture, and then submitted to multiple-stream
milling by using a roller mill (Bona lab-scale mill, Labormill 4RB, Monza, Italy). This lab scale mill,
equipped with 4 rollers, 0.07 m in diameter and 0.20 m wide were horizontally arranged can simulate
the industrial milling process e by separating the different parts of the wheat kernel: the external
coarse bran, the intermediate layers (middlings) and the inner endosperm (refined flour). The kernels
are milled in three steps: a first break phase passing through fluted rolls and two reducing phases
with smooth rolls. Gap settings of the break and reducing rolls were adjusted to 0.4 mm, 0.2 mm and
0.05 mm, respectively. The feed rate was adjusted to about 8 kg/h. The three milling fractions obtained
(refined flour, middlings and coarse bran) were recombined to produce the RWF. WF yield was about
100% for both milling processes. Refined flours obtained from roller milling were produced for bread
production and functional characterization (see Section 2.3.2).

Samples were stored in a polypropylene bag at 4 ◦C and under vacuum until used. Samples were
used after two weeks of resting.
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2.3. Methods

2.3.1. Particle Size Distribution

Particle size distribution of SWFs and RWFs was assessed in single by means of an automatic
mechanical sifter (AS 200, Retsch GmbH, Düsseldorf, Germany) equipped with 8 sieves: 1000 μm,
800 μm, 710 μm, 500 μm, 425 μm, 315 μm, 250 μm, 160 μm. The test was carried out on 100 g of WF,
setting 1.5 mm of oscillation for 5 min.

2.3.2. Chemical Analysis

The moisture content of WFs was determined by means of thermo-balance (MA 210.R, Radwag
Wagi Elektroniczne, Radom, Poland), by drying the sample at 130 ◦C until its weight did not change by
1 mg in 10 s. Ash (AACC 08-01.01) and damaged starch (AACC 76-31.01) contents were evaluated
according to AACC standard methods [25]. The amounts of protein (AOAC 34.01.05 No. 925.31),
fat (AOAC 31.04.02 No. 963.15), total (AOAC 31.04.02 No. 985.29), soluble and insoluble dietary fiber
contents were measured according to AOAC standard methods (AOAC 31.04.02 No. 991.43) [26].
Total and water soluble arabinoxylans were evaluated as previously reported by Manini et al. [27].
Total starch content was calculated as what remained after moisture, protein, ash, fat and total fiber
determinations had been accounted for. α-amylase activity was determined according to the AACC
method 22-02.01 [25].

The SWF and RWF from each cv were analysed for soluble phenolic acids (SPAs) and cell wall-bound
phenolic acids (CWBPAs) and total antioxidant capacity. Flours from Bona Vita and Skorpion cvs
were further analysed for xanthophylls and total anthocyanin content (TAC), respectively. Extraction
of phenolic acids and xanthophylls and their quantification by means of RP-HPLC was performed
as reported by Giordano et al. [28]. The antioxidant capacity was determined by means of FRAP
(Ferric Reducing Antioxidant Power) and the ABTS [2,2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid)] assays adapted into QUENCHER method as described by Serpen et al. [29]. The TAC was
determined on samples (1 g) extracted using 8 mL of ethanol acidified with 1 N HCl (85:15, v/v) for
30 min. The absorbance was measured after centrifugation at 20,800× g for 2 min at 540 nm as reported
by Siebenhandl et al. [30]. TAC was expressed as mg cyanidin-3-O-glucoside (Cy-3-glc) equivalents/kg
of sample (db).

Moisture, ash, protein, fat, soluble and insoluble dietary fiber, total and water soluble arabinoxylans,
and amylase activity were evaluated in duplicate, whereas damaged starch content and bioactive
compounds in triplicate.

2.3.3. Rheological Properties

Gluten aggregation properties were measured in triplicate by means of the GlutoPeak (Brabender
GmbH and Co KG, Duisburg, Germany) device, by using distilled water as solvent; 9:10 flour:solvent
ratio, 2750 rpm as paddle speed rate and 35 ◦C as temperature of water circulating bath. The main
indices considered were: (i) maximum torque (the highest consistency value reached, evaluated in
GlutoPeak Units, GPU); (ii) peak maximum time (time required to achieve the maximum torque,
evaluated in seconds, s); and (iii) aggregation energy (the area under the curve between 15 s before
and 15 s after the maximum torque; evaluated in GlutoPeak Equivalents, GPE).

Mixing properties were evaluated in duplicate by using the Farinograph-E (Brabender GmbH
and Co KG, Duisburg, Germany) device equipped with a 50 g mixing bowl, according to the standard
method ICC 115/1 [31].

Dough leavening properties were determined in single by means of the Rheofermentometer F4
(Chopin Technologies, Villeneuve La Garenne CEDEX, France) device on 315 g of dough at 30 ◦C
for 4.5 h. Dough samples were prepared by mixing flour, in a spiral mixer (Artisan, KitchenAid®,
Whirlpool, Benton Harbor, USA) with fresh yeast (2 g/100 g of flour; Carrefour, Annecy, France) and
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salt (NaCl; 1 g/100 g of flour; Candor®, Com-Sal s.r.l., Pesaro, Italy). The amount of tap water added,
and the kneading time used were previously determined by means of the farinographic test (Table 2).

Table 2. Amount of water, kneading and leavening times used in bread-making for each sample.

Bolero cv CWRS BonaVita cv Skorpion cv

Stone-
Milling

Roller-
Milling

Stone-
Milling

Roller-
Milling

Stone-
Milling

Roller-
Milling

Stone-
Milling

Roller-
Milling

Amount of tap water
(g/100 g of flour) 64.2 61.7 61.2 61.5 68.1 64.7 65.5 64.5

Kneading time (min) 5.0 5.5 6.7 6.0 5.6 5.9 4.3 4.9
Leavening time (h) 1.38 2.36 1.44 1.36 1.09 1.15 1.36 1.31

2.3.4. Bread Preparation and Characterization

Dough samples were prepared from either WFs or refined flours (obtained by roller milling) in
the same conditions as those reported for the rheofermentographic test. After kneading, the samples
were left to rest for 15 min, then divided into portions of 250 g, modelled in cylindrical shapes, put into
aluminum pans (length: 12.5 cm; width: 6 cm; height: 5 cm) and leavened at 30 ◦C and 70% relative
humidity in a combined proofer oven (Self-Cooking Center®, Rational International AG, Heerbrugg,
Switzerland), until the dough exceeded the top of the baking pans by about 2.5 cm. Then, the leavened
dough samples were baked (Self-Cooking Center®, Rational International AG, Heerbrugg, Switzerland)
at 200 ◦C for 30 min (85% relative humidity). One baking test was performed, yielding two loaves for
each sample.

Two hours after baking, the loaves were characterized in terms of specific volume, through the
ratio between the bread volume—evaluated according to the standard method AACC 10-05.01 [25]–
and its weight. Bread height was determined by measuring the maximum height of the slice by means
of image analysis (Image ProPlus, v6; Media Cybernetics, Inc., Rockville, MD, USA). Loaf specific
volume was determined on two loaves, while bread height was evaluated on three central slices of
each bread, for a total of six replicates.

SPAs, CWBPAs, total antioxidant capacity, and xanthophylls (only for flour from Bona Vita cv) and
TAC (only for flour from Skorpion cv) were carried out as described in Section 2.3.2, on bread samples
obtained from SWF, RWF and refined flours of pigmented cvs, which provide a higher AC and the
possibility to investigate the impact of milling method also on the bioactive compounds responsible
for flour color. Before analysis, bread samples were ground to a fine powder (particle size <300 μm)
with a Cyclotec 1093 sample mill (Foss, Padova, Italy). The same grinding procedure was carried out
for bread crust (about 3.5 mm thick), and crumb after freeze-drying (−80 ◦C for 72 h; Alpha 1–2 LD
plus; Deltek s.r.l., Naples, Italy). All samples were stored at −25 ◦C. Bioactive compounds in bread
were evaluated in triplicate.

2.4. Statistical Analysis

Statistical analysis (t-test) was carried out in order to identify significant differences between SWF
and RWF from the same cv by using Statgraphics Plus 5.1 (StatPoint Inc., Warrenton, CT, USA) at the 1%
(* p < 0.01) significance level. Data obtained from the functional characterization of flours and breads
were analyzed separately for each cv using analysis of variance (ANOVA), by comparing raw material
(flour), bread crust and bread crumb obtained from refined flour, SWF and RWF. A 0.01 threshold was
used to reject the null hypothesis. The REGW-F test was performed for multiple comparisons, by using
SPSS for Windows statistical package, Version 24.0 (SPSS Inc., Chicago, IL, USA).
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3. Results

3.1. Particle Size Distribution

Regardless of the type of wheat, stone milling led to WF with a higher number of particles from
315 to 710 μm (from 32.2% for CWRS to 45.9% for Bona Vita cv) (Figure 1). On the contrary, in WF
obtained by roller milling (i.e., RWFs) such “intermediate” fractions extended from 7% for CWRS to
22% for Bolero cv. In addition, recombination of roller milling fractions led to a peculiar, bimodal
distribution with large (>1000 μm, mainly composed by bran) and fine (<250 μm) particles. Indeed,
the large particles extended from 15% to 25% (except for CWRS) in RWFs, whereas they did not exceed
8% in SWFs. On the other hand, fine particles represented more than 50% (w/w) in RWFs, reaching 75%
for samples with the highest kernel hardness (i.e., CWRS); whereas this fraction was only 30% of the
mass in SWFs.

Figure 1. Effect of stone milling (black bars) and roller milling (dash bars) on the particle size distribution
of whole grain flours from Bolero cv (a), CWRS (b), Bona Vita cv (c) and Skorpion cv (d). CWRS:
commercial Canada Western Red Spring Wheat.

3.2. Chemical Composition and Bioactive Compounds in WFs

The milling system did not significantly affect the chemical composition of WFs, except for the
moisture content that decreased by 17% and 11% when Bona Vita and Skorpion cvs were milled using
the stone milling system (Table 3). Although the fiber content did not change, roller milling caused
a slight but significant decrease in the total arabinoxylan content of both CWRS and Bona Vita cv
(about 19% and 12%, respectively). In contrast, a significant increase in this parameter was found in
RWF from Skorpion cv (about 70%). As regards the water soluble arabinoxylan fraction, the roller
milling system resulted in an increase of about 63% for only Bona Vita cv (Table 3). The effect of milling
on the bioactive compound concentration was sample and compound dependent. RWFs resulted
in a significantly higher content of CWBPAs, CWB-ferulic acid only in Bona Vita and Skorpion cvs.
A similar trend was observed for CWB-sinapic acid, with a significant difference observed in the CWRS.
RWF also showed a significant higher TAC in the blue-grained Skorpion cv and a higher ACFRAP in the
yellow-grained Bona Vita cv. Conversely, no difference was observed for SPAs in any of the samples
and for xanthophyll in Bona Vita cv.
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3.3. Gluten Aggregation Properties

The gluten aggregation profiles of the WFs were consistent in showing a slower aggregation
when the samples were milled by stone milling (Figure 2). Specifically, the peak maximum time was
significantly higher in SWFs than RWFs (86 vs. 71 s, 86 vs. 64 s, 101 vs. 79 s, and 72 vs. 58 s for Bolero,
CWRS, Bona Vita, and Skorpion cvs, respectively).

Figure 2. Effect of stone milling (solid line) and roller milling (dash line) on gluten aggregation
properties, assessed by GlutoPeak®, of whole grain flours from Bolero cv (a), CWRS (b), Bona Vita cv (c)
and Skorpion cv (d). CWRS: commercial Canada Western Red Spring Wheat; GPU: GlutoPeak Units.

In the case of maximum torque and aggregation energy, the effect of the milling system depended
on the type of wheat. Specifically, SWFs showed a significantly higher maximum torque than RWFs
(55.1 vs. 43.7 GPU and 46.2 vs. 37.3 GPU for Bolero and Bona Vita cvs, respectively), as well as
significantly higher aggregation energy (1220 vs. 1001 GPE, 1099 vs. 864 GPE, and 1080 vs. 908 GPE,
for Bolero, Bona Vita and Skorpion cvs, respectively) (Figure 2a,c,d). On the contrary, significantly
lower values for both indices were found in the case of CWRS (52.2 vs. 59.7 GPU and 1216 vs. 1387
GPE for maximum torque and aggregation energy, respectively) (Figure 2b).

3.4. Mixing Properties

As regards the mixing properties (Figure 3), stone milling resulted in a significantly higher water
absorption value for Bolero cv (61.7 vs. 64.2%, RWF vs. SWF) and Bona Vita cv (64.7 vs. 68.1% RWF vs.
SWF). On the contrary, the milling system did not significantly affect the dough development time.
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Figure 3. Effect of stone milling (solid line) and roller-milling (dash line) on the mixing properties,
assessed by Farinograph®, of whole grain flours from Bolero cv (a), CWRS (b), Bona Vita cv (c) and
Skorpion cv (d). CWRS: commercial Canada Western Red Spring Wheat; FU: Farinographic Units.

In addition, stone milling led to a significant increase in dough stability only in the case of Bolero cv
(from 4.6 to 6.2 min for RWF and SWF). Finally, stone milling significantly influenced mixing resistance
(evaluated as the degree of softening) only for CWRS and Bona Vita cv. Specifically, a higher degree of
softening was observed in SWF (88 FU) compared to RWF (65 FU) in the case of CWRS, while this
parameter decreased (from 138 to 119 FU, for RWF and SWF, respectively) in the case of Bona Vita cv.

3.5. Leavening Properties

The greatest impact of stone milling on dough leavening properties was observed for CWRS and
Bolero cv, but each sample exhibited a different trend (Figure 4). Specifically, in the case of CWRS,
stone milling caused a decrease in maximum dough development (from 40 to 33 mm), instead an
opposite trend was found for Skorpion cv (from 37 to 42 mm). Moreover, stone milling resulted in
increased dough height at the end of the test for CWRS (from 24 to 33 mm), as opposed to decreased
height for the Bona Vita cv (from 34 to 20 mm). Moreover, the time required to reach maximum dough
development was lower in stone milling for Bolero cv (2.36 and 1.38 h, for SWF and RWF respectively),
as opposed to an increase in this index for CWRS (1.36 and 4.49 h, for SWF and RWF respectively),
whereas no differences were observed for Bona Vita and Skorpion cvs (Figure 4).
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Figure 4. Effect of stone milling (solid line) and roller milling (dash line) on dough development,
assessed by Rheofermentometer®, during leavening of whole grain flours from Bolero cv (a), CWRS (b),
Bona Vita cv (c) and Skorpion cv (d). CWRS: commercial Canada Western Red Spring Wheat.

As regards the volume of CO2 developed (Figure 5), stone milling resulted in an increase in
this index for Bolero (from 1150 to 1398 mL) and Skorpion (from 1532 to 1659 mL) cvs. In addition,
regardless of the type of wheat, stone milling led to an increase in the amount of CO2 released (from 124
to 197 mL, from 195 to 211 mL, from 191 to 205 mL, and from 260 to 332 mL for Bolero, CWRS, Bona
Vita and Skorpion cvs, respectively). Finally, no difference was observed in terms of the retention
coefficient between the two milling approaches for the four samples.

Figure 5. Effect of stone milling (solid line) and roller milling (dash line) on the total gas production
(grey line) and on the retained gas (black line) in the dough, assessed by Rheofermentometer®, of whole
grain flours from Bolero cv (a), CWRS (b), Bona Vita cv (c) and Skorpion cv (d).
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3.6. Bread Properties

As for bread properties, stone milling resulted in higher bread height for Bolero cv and CWRS,
instead no significant differences were observed for Bona Vita and Skorpion cvs (Figure 6). As regards
volume and specific volume, bread from CWRS, Bona Vita and Skorpion cvs showed significant higher
values when the stone milling system was used. However, bread from Bona Vita and Skorpion cvs
exhibited a large bubble in the crumb layer under the upper surface of the bread, due to a collapse of
the crumb structure.

 

Figure 6. Effect of stone and roller milling on bread height (H; cm), volume (V; mL) specific volume
(SV; mL/g). Data are presented as mean ± standard deviation. The asterisks indicate significant
differences between the mean of the bread from stone and roller milled flours of each cvs (* p < 0.01).
The absence of asterisk indicates a not significant difference. CWRS: commercial Canada Western Red
Spring Wheat.

The analyses of bioactive compounds and AC were carried out on bread samples obtained from
SWF, RWF and refined flours of pigmented cvs, chosen to provide more interesting phytochemical
comparisons (Table 4). Compared to WFs, the removal of wheat bran led to a significant decrease
in several antioxidant compounds both in refined flours and derived breads. On average, bread
obtained from refined flours showed a lower content of CWBPA (−94%), SPA (−89%), ACABTS (−27%),
ACFRAP (−90%), zeaxanthin (−64%, Bona Vita cv) and TAC (−122 times, Skorpion cv). Conversely,
lutein was higher (+29%) in bread from refined flour compared to WF samples. As highlighted in
Table 4, bread samples obtained from the blue-grained cv showed levels of CWBPA (crumb and crust),
SPA (crust), ACFRAP (crumb) and TAC (crumb and crust) significantly higher for RWF as compared
to SWF. RWF bread (crumb and crust) obtained from Bona Vita cv showed a significantly higher
ACFRAP, but a significantly lower content of lutein, than SWF. No difference in the relative abundance
of CWBPAs was observed by comparing refined flour, SWF and RWF: ferulic acid was in both flour
and bread the most representative (88%), followed by sinapic acid (5%) and p-cumaric acid (4%).
Conversely, as far as the SPAs were concerned, a different behavior was observed in all compared
flours: bread-making increased the relative abundance of soluble ferulic acid (on average from 27% to
46%), while reducing the percentage of soluble sinapic acid (from 41% to 32%).

Table 4. Cell wall-bound phenolic acids (CWBPAs), soluble phenolic acids (SPAs), antioxidant capacity
(AC), xanthophylls (lutein and zeaxanthin) and total anthocyanin content (TAC) in raw material (flour),
bread crust and bread crumb obtained from refined white flour, stone (SWF) and roller-milled (RWF)
whole-grain flour of Bona Vita and Skorpion cvs.

cv Flour Product CWBPAs SPAs Lutein Zeaxantin TAC ACABTS ACFRAP

Bona
Vita

refined
raw material 56.4 c 9.6 d 4.0 a 0.16 c n.d. 13.5 b 0.2 g
bread crumb 52.6 c 10.1 d 1.9 d 0.08 e n.d. 12.8 bc 0.2 g
bread crust 59.4 c 9.6 d 1.4 e 0.07 e n.d. 11.3 c 1.8 f

SWF
raw material 765.5 b 62.1 c 3.3 b 0.28 a n.d. 18.2 a 6.4 e
bread crumb 774.4 b 79.7 ab 1.5 e 0.14 cd n.d. 17.5 a 7.5 d
bread crust 770.2 b 76.6 b 1.0 f 0.12 d n.d. 17.5 a 13.2 b

RWF
raw material 885.7 a 74.5 b 3.0 c 0.24 b n.d. 18.0 a 8.1 cd
bread crumb 795.9 b 86.0 a 1.2 f 0.11 d n.d. 17.2 a 8.8 c
bread crust 808.6 ab 73.8 b 1.0 f 0.12 d n.d. 17.6 a 15.9 a
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Table 4. Cont.

cv Flour Product CWBPAs SPAs Lutein Zeaxantin TAC ACABTS ACFRAP

Skorpion

refined
raw material 50.3 d 8.4 e n.d. n.d. 0.1 e 14.8 d 0.2 e
bread crumb 56.8 d 12.3 e n.d. n.d. 0.1 e 13.4 e 0.5 e
bread crust 59.2 d 10.3 e n.d. n.d. 0.1 e 10.8 f 3.3 d

SWF
raw material 897.4 b 84.7 cd n.d. n.d. 22.8 b 19.9 a 7.9 c

bread crumb 781.4 c 95.5
abc n.d. n.d. 11.2 d 17.2 c 8.2 c

bread crust 822.5 c 75.7 d n.d. n.d. 10.7 d 17.2 c 13.7 a

RWF
raw material 990.5 a 91.7 bc n.d. n.d. 26.2 a 18.6 ab 7.3 c
bread crumb 929.6 ab 107.2 a n.d. n.d. 13.3 c 18.1 bc 9.9 b
bread crust 938.7 ab 98.9 ab n.d. n.d. 13.9 c 17.9 bc 13.6 a

Cell wall-bound phenolic acids (CWBPAs) and soluble (free and conjugated forms) phenolic acids (SPAs) are the
sum of the single phenolic acids determined by means of RP-HPLC/DAD and are expressed as mg/kg dry basis.
Xanthophylls (lutein and zeaxanthin) are expressed as mg/kg dry basis. Total anthocyanin content (TAC) is expressed
as mg Cy-3-glc eq/kg dry basis. Antioxidant capacity (AC) measured by means of the ABTS and FRAP assays is
expressed as mmol TE/kg dry basis. For each cv, value followed with different letters are significantly different
(one-way ANOVA, p < 0.01), according to the REGW-F test.

4. Discussion

Despite the numerous websites and skilled marketing operations that declare the uniqueness
and authenticity of SWF, the effects of stone milling—in comparison with those promoted by roller
milling—on the chemical, rheological, and bread-making properties of the related flours have not yet
been investigated systematically. The present study seeks to fill this gap. Moreover, since differences
in kernel characteristics affect the milling process, four types of wheat were chosen for their variations
in hardness, gluten strength, and richness in biocomponents. Specifically, the two wheat samples
frequently used in the bread sector were Bolero (soft white winter wheat cv) and a commercial Canada
Western Red Spring (CWRS). The other two wheat cvs were Bona Vita (medium-hard winter wheat
with yellow endosperm for the high xanthophyll content) and Skorpion (medium-hard winter wheat
with a blue external layer, rich in anthocyanins).

There is a widespread belief among consumers that, from a nutritional point of view, SWF are
better than RWF, thus the label “made with stone-ground flour” is a powerful marketing tool for both
producers and retailers [32]. In accordance with the AACC International definition of whole grain [33],
neither milling process selected the anatomical regions, and endosperm, bran and germ have to be
present in the same proportions as in the intact caryopsis. In agreement with other authors [17,20,22],
no significant changes in the proximate composition were found regardless of the milling process used
(Table 3). The few differences between SWFs and RWFs concerned moisture, which was significantly
higher in RWFs from Bona Vita and Skorpion cvs. This result might firstly be related to the lack
of conditioning before stone milling; moreover, a drop of moisture might be associated with heat
development during this milling process, as mentioned by several authors [14,15,17].

The total dietary fiber content of WFs was included in the range 9.3%–14.3% (Table 3), similar to
that observed for WFs examined within the European HEALTHGRAIN Project [10]. Regarding the
potential effects of milling process on fiber fraction content, the SWF and RWF of each wheat sample
exhibited no differences in total, insoluble and soluble fractions related to the milling process. Regarding
the arabinoxylan fraction, the differences in the amounts of total and water-extractable arabinoxylans
did not show a common trend regardless of the milling process used (Table 3). Nevertheless, in the
two pigmented cvs, both of these parameters were considerably higher than in Bolero cv and CWRS,
highlighting that Skorpion and Bona Vita cvs contain other interesting nutritional traits in addition
to polyphenols or xanthophylls suitable for their exploitation. Although the occurrence of several
macronutrients was unchanged in the compared WFs, RWFs of pigmented cvs resulted in a higher
content of antioxidant compounds than SWF. Carcea et al. [20] reported no compositional difference
regarding the total polyphenol and alkylresorcinol contents between stone milled or roller milled
flours. In our study, in particular, a significantly higher content of CWBPAs and TAC were present in
RWFs. Results could be related to the higher heat generated during stone milling due to friction [15].
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Prabhasankar and Rao [17] observed that the higher temperature detected in SWF (85 ◦C), resulted in
protein degradation, a reduction of amino acid content and a loss of some essential fatty acid compared
to RWF (32 ◦C). Similarly, by comparing a stone milling process (60 ◦C) to a watermill process able to
generate lower temperatures (30 ◦C), Di Silvestro et al. [34] observed a decrease in bound phenolic
fraction, while no effect was detected for arabinoxylans and β-glucans.

In conventional roller milling, the importance of kernel tempering (or conditioning) to guarantee
high yield and high quality of flour is widely recognized [11–13]. Indeed, particle size distribution
after the first break and, consequently, the behavior of the “broken material” in all the remaining
milling passages, is strictly influenced by kernel moisture [35]. On the contrary, no mention is made
about the need to modify the native moisture of kernels before stone milling [11,16]. Such differences,
and specifically, the increased moisture of the pericarp assured by tempering before roller milling could
be the main reason for the differences in particle size distribution between SWFs and RWFs (Figure 1).
Indeed, by lowering the native friability of the bran layers, moistening facilitates their separation
from the starchy endosperm in large flakes during roller milling. At the same time, the increased
endosperm moisture—in respect to the native kernel—induces the efficacious breakage of this region,
yielding a high percentage of fine particles (Figure 1). This pattern is congruent with the results of
Kihlberg et al. [22] and Ross and Kongraksawech [14], the latter investigating eight different small-scale
mills. Although a common trend in all RWFs is recognizable, the moisture distribution inside the
kernels could not be optimal irrespective of their hardness, as tempering conditions were the same for
all wheat samples (moisture before milling equal to 16%). Bearing in mind the results obtained by
Doblado-Maldonado et al. [36], CWRS could present, particularly in the external layers, lower moisture
than required for optimal roller milling; this physical condition might account for the low percentage
of large bran particles (Figure 1). Roller milling of medium-hard (i.e., Bona Vita and Skorpion cvs) and
soft (Bolero cv) wheat, likely optimally moistened, yielded WFs with similar particle size distribution,
characterized by a high percentage of both coarse and fine particles. On the contrary, when stone
milling was applied, due to its different breakage system and lack of conditioning before milling,
bran and endosperm regions exhibited a similar behavior during the breakage actions. Consequently,
particles in SWFs were more homogeneously distributed in classes of different size, particularly in
medium-sized classes (from about 300 to 700 μm) (Figure 1): the pattern was similar for all varieties,
regardless of their hardness.

Evaluation of particle size distribution is important for understanding the rheological properties
of dough: indeed, the particle size of bran and/or flour influences several features, including water
absorption and gluten aggregation kinetics. Nevertheless, the literature has yet to indicate the ‘optimal’
particle size distribution for bread-making [37,38].

Although the milling system did not affect the protein content of the WFs (Table 3), some changes
in protein properties—that are important for bread-making performance—were highlighted by the
rheological tests. The analysis of gluten aggregation properties by means of a rapid shear-based
method (i.e., GlutoPeak test) indicated that gluten proteins were able to aggregate and show a peak
(Figure 2), which represents the maximum extent of gluten formation before its breaking due to the
intense shear-stress [39]. Overall, RWFs exhibited faster gluten aggregation (lower peak maximum
time), required less energy to aggregate and resulted in lower maximum consistency (except for CWRS)
than SWFs, suggesting gluten weakening. A similar trend has been observed while comparing refined
and whole flours due to the interference of fiber in network formation [40,41]. In the case of RWFs,
the weakening of the gluten network could be due to depolymerization phenomena, favored by the
presence of free-SH groups, particularly abundant in WFs with coarse particles (average particle size:
830 μm) [42]. Certainly, the presence of high amounts (more than 15% w/w) of large particles (>1000 μm
size) in RWFs from Bolero, Bona Vita and Skorpion cvs might have negatively affected protein-protein
interactions via physical mechanisms [42]. Similarly, the low percentage (only 7%) of the same size
class in the RWF from CWRS might account for its opposite performance: both maximum torque and
aggregation energy exhibited higher values than those determined in SWF.
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Moving to the mixing properties evaluated by the farinographic test (Figure 3), the milling process
did not seem to have a conclusive effect on such properties, that are greatly affected by the type of wheat.
As emphasized by Ross and Kongraksawech [14], the farinographic indices were primarily influenced
by cv and less by the milling process. In contrast to the gluten aggregation kinetics (evaluated by the
GlutoPeak test on a slurry), the mixing properties were evaluated on a dough applying lower stress to
the system (63 rpm vs. 2750 rpm). Thus, the apparent different findings could be attributed to the
differences in the test conditions.

In general, the water absorption index was higher in SWFs (in Bolero and Bona Vita cvs), probably
as the consequence of their higher (although not significant) amounts of damaged starch (Table 3),
as the role of bran particle size, proposed as a valid explanation by Kihlberg et al. [22], was not
highlighted. Stability was significantly affected only for Bolero cv (6.2 and 4.6 min for SWF and RWF,
respectively). An important role might be played by the distribution of large/coarse bran particles
(>1000 μm size) (Figure 1) which were three times higher in the RWF of Bolero cv. They were probably
responsible for the weakness in its gluten network and, consequently, the significant decrease in dough
stability. Moreover, the high percentage of large bran particles could impair not only dough properties
during bread making but also the bioavailability of minerals, as indicated by Miller Jones et al. [10].
Nevertheless, the role of bran particle size on dough and bread characteristics needs to be further
investigated as the results of works on this subject are still contradictory [38].

Regardless of the milling process, Skorpion and Bona Vita cvs showed similar leavening profiles
(Figure 4), in agreement with their similar proximate composition (Table 3) and trends observed
through the GlutoPeak test (Figure 2) and the farinographic test (Figure 3). Anyway, Skorpion WFs
(both SWF and RWF) resulted in good dough development (Figure 4d) and gas production (Figure 5g,h),
likely due to the high dough stability as shown by the farinographic test.

Differences in rheological properties associated with the milling systems were evident only for
Bolero cv and CWRS. As considering the indications of the other rheological tests, Bolero cv and
CWRS showed an opposite behavior according to the milling process; moreover, despite a similar
protein content (Table 3), these samples were characterized by relevant differences in protein quality
(Figure 2). Specifically, as for Bolero cv, SWF reached similar dough heights than RWF but faster,
probably due to its higher—although not significant—damaged starch content as a quick source of
simple sugars for yeast growth. In addition, RWF produced the least gas (Figure 5b) and the lowest
bread volume (Figure 6). Both leavening properties and bread-making performance might be due to
the high percentage of large particle size in RWF in Bolero cv (Figure 1). As expected, RWF of CWRS
performed best during leavening in terms of dough development and time to reach it, indicative of the
ability of this wheat type to withstand leavening stresses. Other reasons which might account for this
result include good gluten aggregation (Figure 2) and mixing (Figure 3) properties, associated with the
high damaged starch content and the low fiber percentage (Table 3) among the samples considered in
this study.

Among the rheological tests used to predict the bread-making performance of samples, only the
GlutoPeak tests (Figure 2) agreed for all samples as volume, specific volume and height of bread
(Figure 6). Indeed, for all the wheat types, both the loaf height and the specific volume of bread samples
produced with SWFs were higher than those obtained from RWFs, in agreement with the observations
by Kihlberg et al. [22]. Our findings were also congruous with those of Gélinas et al. [18] which showed
that dough mixing properties of WFs—in terms of farinographic absorption and stability—did not
always relate to bread properties and, therefore, did not explain why some varieties performed better
than others.

As the characteristics of bread are related not only to dough properties—generally evaluated by
tests carried out at temperatures below 30 ◦C—but also to phenomena occurring during baking, we can
hypothesize that, during baking, proteins in dough from SWFs might have retained extensibility for
a longer time, assuring a higher bread volume. According to the literature [14,22,38,43,44], particle
size distribution of WF might represent another trait able to influence bread volume. As previously
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discussed, stone milling produced a large amount of medium-coarse particles (from 300 to 700 μm)
(Figure 1) that, according to Doblado-Maldonado et al. [15], could be considered the most advantageous
for bread production. The particle size distribution observed in RWF (especially fine and large particles,
simultaneously) (Figure 1) accounted for the low bread development. Indeed, small particles (<250 μm)
could have a negative effect on bread characteristics as they promptly interfere in protein-protein
interactions due to their high contact surface [43]. Also large particles might exert an undesirable action
towards gluten development and gas cell stabilization [42] and bread appearance and texture [45].

Despite their high volume, in the case of Bona Vita and Skorpion cvs, stone milling resulted in
a huge bubble just under the crust, together with the collapse of the underlying crumb (Figure 6).
These behaviors cannot be attributed to differences in α-amylase activity (data not shown). The pattern
of the corresponding rheofermentograph traces (Figure 4) allows us to hypothesize that, at the beginning
of baking, the gas produced by yeasts in large amounts was not efficaciously held inside the gluten
network and gathered in the upper part of loaf, causing the formation of a big bubble and a partial
collapse of the underlying region.

The slight but significantly higher content of bioactive compounds in RWF flour compared to
SWF (Table 3) was confirmed after bread-making. In particular, a higher CWBPA and TAC content
found in both RWF bread crumb and crust for the blue-grained cv, resulting in a higher AC (FRAP
assay, Table 4). As observed in previous studies [46,47], during bread-making significant changes occur
in both bioactive compounds and AC. In the present study, bread-making caused a significant loss of
the antioxidants responsible for the grain and flour pigmentation (xanthophylls and anthocyanins).
Nevertheless, an increase in the AC was observed in the bread crust (Table 4). This could be due to the
neo-formation of Maillard reaction products [46,48].

5. Conclusions

Most consumers believe that only the stone-milling process is able to preserve all the nutrients
and bioactive compounds of wheat grains as, in this process, all kernel regions form a single stream.
Indeed, the roller-milling process (a multiple-stream approach where the fractions must be recombined
to obtain WF) is wrongly but commonly associated with a partial depletion of the native nutrients of
the kernel. Our results proved that SWFs have neither a better proximate composition, nor a better
bioactive compound concentration than RWFs. Only for blue-grained cv (Skorpion) RWFs resulted in a
slight but significant higher content of CWBPAs and TAC compared to SWFs and this feature was
observed also in bread.

The comparison of SWF and RWF properties highlighted a different particle size distribution.
Indeed, during the grinding of caryopsis through the stone or the roller-milling, compression, shear,
and cutting stresses exhibited different intensities and degrees (due to intrinsic kernel factors and
process conditions), promoting the formation of large bran particles and very small flour particles
in RWFs, while a more homogeneous particle size distribution was observed in SWFs. Although
it can be assumed that these physical features could greatly affect the surface properties and the
hydration properties of flour, only the GlutoPeak test, a quite recent rheological approach proposed
for evaluating the protein-protein aggregation kinetics in wheat, highlighted significant differences
in the gluten properties of WFs according to the milling process which were congruent with their
bread-making performances.

The rheological differences between the WFs obtained from stone- or roller-milling, although
significant, do not make one process clearly preferable to the other one. However, further information
on the sensory profile of bread is worthy of interest. Nevertheless, the lower productivity of the
former is acceptable for artisan or home-made processes, while the higher flexibility and versatility
of multiple-stream roller-milling, and its fully automated management, can better satisfy industrial
purposes. On the other hand, the effect of heat treatments (for stabilizing bran and germ) on the
nutritional features of RWFs should be considered, as well as the effect of re-milling large bran particles
on the technological performances.
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Abstract: A colored and fiber-rich fraction from the debranning of purple wheat was incorporated at
25% into semolina- and flour-based pasta produced on a pilot-plant scale, with the aim of increasing
anthocyanin and total phenolic content with respect to pasta obtained from whole pigmented
grains. The debranning fraction impaired the formation of disulfide-stabilized protein networks
in semolina-based systems. Recovery of phenolics was impaired by the pasta making process,
and cooking decreased the phenolic content in both enriched samples. Cooking-related losses in
anthocyanins and total phenolics were similar, but anthocyanins in the cooked semolina-based pasta
were around 20% of what was expected from the formulation. HPLC (High Performance Liquid
Chromatography) profiling of phenolics was carried out on extracts from either type of enriched
pasta both before and after cooking and indicate possible preferential retention of specific compounds
in each type of enriched pasta. Extracts from cooked samples of either enriched pasta were tested as
inhibitors of enzymes involved in glucose metabolism and uptake, as well as for their capacity of
suppressing the response to inflammatory stimuli. Results of both biological tests indicate that the
phenolics in extracts from both cooked pasta samples had inhibitory capacities higher than extracts of
the original debranning fraction at identical concentrations of total bioactives.

Keywords: pigmented wheat; anthocyanins; polyphenols; alpha-amylase inhibition;
anti-inflammatory activity

1. Introduction

Many studies have shown that anthocyanins and other polyphenolic compounds have
anti-inflammatory and antioxidant properties that may play a positive effect in preventing chronic
diseases ranging from cardiovascular diseases to metabolic syndrome. The relationship between specific
anthocyanins and their biological activities, such as anti-inflammatory, anti-obesity, anti-diabetes,
has been the subject of a number of recent reviews [1,2]. Anthocyanins and polyphenols have also
been reported to control intracellular signaling cascades as the process of inflammation progresses
within the cells [3–5]. Numerous studies have demonstrated that anthocyanins can exert the beneficial
effects in diabetes by acting on various molecular targets and regulate different signaling pathways in
multiple organs and tissues such as liver, pancreas, kidney, adipose, skeletal muscle, and brain [6].
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A critical aspect of most of the reported bioactivities for this class of chemical species relates to
the poor absorption of several phenolics that impairs their presence at high enough concentration in
biological fluids [7,8]. However, many of the health benefits associated with anthocyanins bioactivity
relate to the effects these molecules reportedly exert on proteins in the intestine. Among the significant
targets that do not require a transit of phenolics across the gastrointestinal epithelia are enzymes
involved in glucose metabolism, such as pancreatic amylases involved in the starch enzymatic
breakdown and the brush-border alpha-glucosidase relevant to glucose uptake [9–14].

One possible strategy to ensure adequate uptake of anthocyanins and phenolics is their
incorporation into staple foods [8,15]. In this frame, pigmented grains have received particular
attention as they may represent the starting ingredients to produce staple foods such as pasta or bread.
High concentrations of phenolic compounds are present in the outer layers of a number of varieties
of common grains such as wheat, corn, and rice [16]. In the case of colored grains, anthocyanins are
responsible for their purple, blue, or red color [17]. These compounds are present in various amounts
in bran layers as either the glycosylated or aglycone form [18].

The growing interest for new products and the visual appeal of naturally colorful products has
led to the introduction of “colored” bread and pasta to the market. Most of the available products are
prepared by using whole grains as the source of anthocyanins [16,19]. Recently, an innovative milling
process has been developed in order to separate bran components to be used in specific processes [20,21].
In the case of colored grains, the usually discarded outermost part of the kernels is a suitable ingredient
for the production of enriched food. According to Zanoletti et al., [20], it was possible to produce pasta
with a high amount (up to 15% (w/w)) of bran fraction, with fiber and polyphenol content sensibly
higher than in products prepared from the corresponding whole grains. The enriched pasta samples
were characterized mainly in terms of chemical composition and cooking behavior, and only limited
data are available for the retention of the bioactive properties of the incorporated materials.

This study attempts to fill evident gaps in the studies mentioned above by studying the effects
of processing (and cooking) on retention of the bioactives’ functionality in pasta samples prepared
by incorporating at least 25% of anthocyanin-rich bran fractions from purple wheat debranning into
pasta made from semolina or common wheat flour. This amount was chosen to provide nutritionally
relevant amounts of both dietary fibers and phenolics in a product with attractive color features,
avoiding in the meantime excessive changes in the pasta-making process and allowing the retention of
the structural integrity of the cooked product. The focus in this study was on the in vitro inhibitory
capacity of phenolics toward specific enzymes involved in the carbohydrate metabolism, as well as on
their anti-inflammatory properties.

2. Materials and Methods

2.1. Chemicals and Enzymes

Unless otherwise specified, all chemicals and enzymes (namely, rat intestinal acetone powders
of alpha-glucosidase (EC 3.2.1.20) and porcine pancreatic alpha-amylase (EC 3.2.1.1)) were from
Sigma-Aldrich (Milan, Italy).

2.2. Raw Materials

An anthocyanin-rich bran fraction (henceforth, DF) was obtained by the debranning of commercial
purple wheat, essentially as reported in [20]. The DF used in the studies reported below corresponds
to an abrasion level of 3.7%, with respect to the whole grain and had a particle size in the 500–700 μm
range. Refined common wheat flour (12.5% protein, dw; ashes <0.5%, dw) and durum wheat semolina
(14.4% protein, dw; ashes 0.85%, dw) were provided by Molino Quaglia (Vighizzolo d’Este, Padua,
Italy) and by F.lli De Cecco (Fara San Martino, Chieti, Italy), respectively.
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2.3. Pasta

Pasta was produced from either commercial flour or semolina that was enriched by dry mixing
with 25% (w/w) of the bran fraction obtained by the debranning of purple wheat (DF, see above).
Macaroni-shaped pasta samples were produced using the DeFENS pilot plant, essentially as described
in [22]. In particular, moisture in the dough was adjusted to a final level of 31.8%, and mixing and
extrusion were completed in 20 min. Drying was carried out at 60 ◦C for 12 h. Each sample of
pasta was cooked in tap water (1 L water per 100 g pasta) at the optimum cooking time, according
to the AACC method 16–50 [23]. The sensory acceptability of the cooked pasta was assessed by ten
untrained panelists. Prior to further characterization, samples of dried uncooked pasta were ground to
<250 μm in a laboratory mill, whereas samples of cooked pasta were frozen in a deep freezer at −80 ◦C
and lyophilized (Alpha 2-4 LD freeze dryer, Martin Christ, Osterhode am Harz, Germany) prior to
further characterization.

2.4. Protein Solubility and Thiol Accessibility

The solubility of proteins in pasta samples was determined in triplicate using buffers of increasing
dissociating ability, as described elsewhere [24,25]. Results are expressed as (mg soluble protein)/(g
total proteins) to account for the protein content of individual samples, assessed through a dye-binding
method [26]. Accessible thiol groups were determined (in triplicate) by using the spectrophotometric
thiol reagent 5,5′-dithiobis-(2-nitrobenzoate) (DTNB) as also described in [24,25]. Results are expressed
as μmol thiols/g total protein, to account for the protein content of individual samples.

2.5. Phenolics Extraction

Each sample (2 g) was defatted with petroleum ether and extracted twice with 15 mL of an
ethanol/HCl mixture (15 mL of a mixture made up of 65 volumes of 95% ethanol and 35 volumes of
aqueous 0.3 M HCl). The pooled ethanol/HCl extracts were used for analytical measurements and
HPLC profiling. Extracts to be used with Caco-2 cells were by using water in place of dilute HCl,
in order to avoid interference with the cellular assays and cell viability issues [13]. Assays were carried
out in triplicate for each sample.

2.6. Determination of the Total Polyphenols and the Total Anthocyanins Content

Total polyphenols (as gallic acid equivalents) and total anthocyanins (as cyanidin-3-O-glucoside)
were measured as in [27] on individual extracts from both cooked and uncooked pasta samples.

2.7. Anthocyanin and Phenolics Profiling by RP-HPLC

RP-HPLC profiling was performed on a C18 column (5 μm, 4.6 mm × 250 mm, Waters, Milan, IT)
fitted to a Waters 600 E HPLC, equipped with a 996 PDA (Photo Diode Array) detector, by adapting
procedures reported elsewhere [9]. Extracts (0.1–0.2 mL) were loaded on the column, and components
eluted at a solvent flow of 0.8 mL min−1, using a gradient from 100% A (0.1% trifluoroacetic acid in
water) to 100% B (0.1% trifluoracetic acid in acetonitrile): 0% to 5% B in 5 min; 5% to 40% B from 5
to 40 min; 40% to 70% B from 40 to 48 min. The eluate was monitored at 520 nm (for anthocyanins),
350 nm (for rutin and quercetin), 320 nm (for ferulic acid), and 280 nm (for catechin and epicatechin).
Calibration was carried out by using suitable standards, and results are expressed as content of
individual species in the original sample, on a dry matter basis.

2.8. Enzyme Inhibition Studies

Alpha-Glucosidase: Rat intestinal acetone powder was used in these assays, following established
procedures [10–14] and testing inhibition by ethanol/HCl extracts from individual samples, diluted as
appropriate in ethanol/HCl. Blanks were prepared in the absence of enzyme and of the ethanol/HCl
mixture, whereas controls were complete reaction mixtures containing the appropriate volumes of
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the ethanol/HCl mixture used for extraction, but no bioactives. Acarbose (from a stock solution in
ethanol/HCl) was used as the reference inhibitor. Tests were carried out in triplicate.

α-Amylase: Enzymatic activity was measured according to established procedures [10–14],
and inhibition was tested by using ethanol/HCl extracts from individual samples, diluted as appropriate
in ethanol/HCl. Blanks were prepared in the absence of enzymes, whereas controls were complete
reaction mixtures, containing the appropriate volumes of the ethanol/HCl mixture used for extraction,
but no bioactives. Acarbose (from a stock solution in ethanol/HCl) was used as the reference inhibitor.
Tests were carried out in triplicate.

2.9. Immunomodulatory Properties of Extracts

Human intestinal epithelial Caco-2 cells were provided by Maria Rosa Lovati (Dipartimento di
Scienze Farmacologiche e BioMolecolari, University of Milan, Milan, Italy). All experiments involving
cultured Caco-2 cells have been carried out in the DeFENS Cell Culture Laboratory, a core facility of
the Department of Food, Environmental and Nutritional Sciences (University of Milan, Milan, Italy).
The experimental setup allows us to monitor the effects of extracts for inhibiting IL1β-stimulated
synthesis of NF-κB in the transfected Caco-2 cells. In short, the test measures inhibition of luciferase
expression in Caco-2 cells transiently transfected with the pNiFty2-Luc plasmid (InvivoGen, Rho,
Italy), that combines five NF-κB binding sites with the luciferase reporter gene luc, allowing expression
of the luciferase gene in the presence of NF-κB upon stimulation with interleukin 1β (IL1β) at a final
concentration of 20 ng mL−1 in the presence/absence of extracts from individual samples. It should be
noted that the extracts used in this study were prepared with aqueous ethanol in the absence of HCl,
as noted above (Section 2.5). The experimental setup for these experiments has been reported in detail
elsewhere [13]. The activity of the expressed luciferase was measured in cellular extracts by adding
ATP and D-luciferin, followed by monitoring bioluminescence in a VICTOR3 1420 Multilabel Counter
(PerkinElmer, Waltham, MA, USA) Each assay was carried out at least in triplicate.

2.10. Statistical Analysis

Analysis of variance (one-way ANOVA) was carried out by using Statgraphic Plus v. 5.1 (StatPoint
Inc., Warrenton, VA, USA). The addition of DF to each pasta samples was considered as a factor for
ANOVA. Results are reported as averages ± SD. The number of replicates for individual measurements
is given under the Materials and Methods section for individual measurements, and in the legend to
individual tables.

3. Results and Discussion

3.1. Molecular Organization of Proteins in Enriched Pasta

The possible effects of incorporating high levels of a bran-derived fraction into pasta on the overall
structure of the protein network in the product were investigated by taking into account the conditional
solubility of proteins and the accessibility of cysteine thiols to water-soluble reagents in the uncooked
products [25,28]. The conditional solubility approach offers a simple way for estimating the nature of
interprotein bonds, due to their different sensitivity to the action of chaotropes in the presence/absence
of disulfide-breaking agents. Measuring the accessibility of residual thiols in the presence/absence of
chaotropes provides information on the overall compactness of the protein network and complements
protein solubility data.

Results are presented in Table 1, which also include values of these parameters for reference
semolina-only pasta made in the same pilot plant under very similar processing conditions. The protein
solubility data in Table 1 indicate the prevalence of urea-sensitive hydrophobic interactions in protein
networks formed from wheat flour, as well as their lower compactness with respect to those formed
by proteins in semolina. However, a comparison with the reference semolina pasta highlights the
well-known “destructive” effect of the addition of a bran-derived fraction on the formation of a
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disulfide-stabilized protein network in semolina-based systems [29]. This is evident when considering
that the DTT-dependent increase in soluble proteins is about 25% in the enriched pasta, whereas, in the
reference semolina-based pasta, the breakdown of disulfide bonds by DTT results in a 4-fold increase
of the amount of solubilized proteins.

Table 1. Properties of the protein network in uncooked pasta.

Measured
Parameter

Solvent
Enriched Pasta,

Wheat Flour
Enriched Pasta,

Semolina
Reference

Semolina Pasta

soluble proteins,
mg/g protein

buffer + NaCl 28.8 ± 1.8 a 21.4 ± 1.6 b 25.0 ± 4.2 a

+ 8 M urea 90.6 ± 7.2 b 70.1 ± 5.7 a 59.1 ± 9.0 a

+ 10 mM DTT 129.0 ± 7.8 b 88.5 ± 4.7 c 295.3 ± 29.8 a

accessible thiols,
μmol/g protein

buffer + NaCl 0.426 ± 0.060 b 0.213 ± 0.002 c 1.527 ± 0.242 a

+ 8 M urea 1.320 ± 0.240 b 0.614 ± 0.119 c 6.319 ± 1.346 a

Addition of anthocyanin-rich bran fraction (DF) was considered as a factor for ANOVA. Different letters in a row
indicate a significant difference at p < 0.05 (Tukey test; n = 4). DTT

A comparison of data on thiol accessibility is also informative, as the number of accessible thiols
in either enriched pasta sample is by far lower than what expected from the properties of the starting
material or—in the case of semolina-based enriched pasta—from the figures obtained for non-enriched
samples. Freely accessible thiols (i.e., those accessible in the absence of chaotropes) in wheat flour
or semolina proteins are in the 3–4 micromolar range when expressed on a protein basis [24,25].
The addition of chaotropes results in a 3-fold increase of accessible thiols for wheat flour-based pasta,
and almost doubles the amount of accessible thiols in semolina.

A detailed molecular-level investigation of these observations is beyond the scope of this
report. However, it seems reasonable to hypothesize that the observed decrease in accessible
thiols—regardless of the presence/absence of chaotropes—may relate to some physical features of the
enriched pasta that do not necessarily involve the properties of the protein network itself and may
involve protein/polysaccharide interactions, as observed, for instance, in a rice-based pasta [30].

3.2. Total Anthocyanins and Total Polyphenol Incorporation in Enriched Pasta

The total anthocyanins content (TAC) and the total polyphenol content (TPC) in both cooked and
uncooked pasta samples—prepared from either common wheat flour or semolina and 25% (w/w) of the
polyphenol-rich fraction obtained from the debranning of purple wheat grains (DF)—are reported in
Table 2. The values are compared with those expected from the content of each subclass of phenolics in
the original bran fraction used to enrich both pasta samples (TAC, 690 mg Cya-3-O-glycoside eq/kg;
TPC, 47,400 mg GAE/kg [13,20]). Separate analyses indicated that the contribution of phenolics from
either the wheat flour or the semolina used in this study was negligible.

The data in Table 2 indicate an apparent decrease in both TAC and TPC in uncooked pasta samples
with respect to what expected from the mixing formula. Losses in either family of phenolics may
have occurred in the pasta-making process (most likely as a consequence of the drying steps in pasta
production [7,31,32]), but the observed decrease may also be attributed to difficulties in recovering
either species from the highly structured protein matrix formed upon kneading and drying.

The fact that apparent recovery figures in uncooked pasta are lower for semolina-based samples
than for the flour-based ones offers circumstantial support for the latter hypothesis. In other words,
the stiff protein network likely present in pasta could make the ethanol/HCl extraction procedure
less effective, an effect most evident in semolina-based pasta because of the high protein content of
semolina and the relevance of covalent disulfide bonds in the stabilization of interprotein networks
formed by T. durum (Triticum durum) proteins in semolina-based dough in contrast with the prevalence
of non-covalent hydrophobic interactions in the stabilization of interprotein networks formed by
T. aestivum proteins in wheat flour dough [33,34].
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Table 2. Efficiency and stability of phenolics incorporation.

Title Expected *
Wheat Flour + DF Semolina + DF

Uncooked Cooked Uncooked Cooked

TAC content (mg Cyn-3-O-Glc/kg) 138 122 ± 9 a 51 ± 2 c 89 ± 12 b 31 ± 4 d

TAC retention, % of expected 100 88.4 36.9 64.5 22.4
TAC loss upon cooking, % of uncooked 100 58.2 100 65.2

TPC content (mg GAE/kg) 9480 3110 ± 188 a 1254 ± 98 b 2997 ± 302 a 1467 ± 111 b

TPC retention, % of expected 100 32.8 13.2 31.6 15.5
TPC loss upon cooking, % of uncooked 100 59.7 100 51.1

Addition of DF was considered as a factor for ANOVA. Different letters in a row indicate a significant difference at p
< 0.05 (Tukey test; n = 3). * As calculated from formulation and previous or current analytical data [20].

As also evident from Table 2, cooking induced a further decrease of the phenolics content in both
pasta samples. At this stage, we are unable to discriminate between this decrease being due to the
release of the bioactives in the cooking water or to their sensitivity to temperature. In general, it seems
safe to assume that there should be no issues for the yield of the ethanol/HCl extraction procedure
when applied to cooked and lyophilized pasta samples, given the highly porous structure of the
lyophilized samples.

It may be noted that the losses observed upon cooking flour-based enriched pasta are similar
when considering anthocyanins alone or total phenolics. Conversely, cooking semolina-based enriched
pasta gave loss in total phenolics slightly lower than those observed in common wheat-flour enriched
pasta, as expected from the higher tenacity of the protein network in semolina-based pasta according to
plentiful literature reports and to the protein network stability data reported in the previous section of
this report. In spite of this, losses in anthocyanins upon cooking semolina-based enriched pasta were
the highest, resulting in the final content of these species not exceeding 22% of what was calculated for
the untreated formulation, based on proportion among individual ingredients and on their content in
the various bioactives.

HPLC profiling was used to address whether any particular chemical species was involved
in the compositional changes reported in Table 2 before and after cooking. To avoid possible
sources of confusion [9], the HPLC profiling in this study takes into account only the aglycones of
the most abundant species present in ethanol/HCl extracts of DF, namely, cyanidin and delphinidin
(as representative of anthocyanins), and ferulic acid, quercetin and rutin (as representative of not-colored
phenolics). In this general frame, it is worth mentioning that glycosylated and non-glycosylated
anthocyanins are present in almost equivalent amounts in purple wheat [13], whereas most of the
non-pigmented phenolics are present in their glycosylated forms. Also, the amount of ferulic acid
derivatives in the debranning fractions from pigmented wheat varieties is reportedly much lower than
in bran fractions from non-pigmented wheat varieties, where ferulic acid and its glycosylated forms
may account for more than 80% of the total phenolics [35].

The results of HPLC profiling carried out on ethanol/HCl extracts from the various samples are
reported in Table 3, which also provides—as a reference—the expected content in individual aglycones,
calculated from quantitative HPLC profiling of ethanol/HCl extracts from DF. As already observed
for the data presented in Table 2, the content of individual anthocyanin aglycones is lower than
expected even in the uncooked samples, suggesting that the yield of the extraction procedure may be
impaired by processing. This hypothesis is circumstantially supported by the apparent (although not
statistically significant) increase in the content of each of the two anthocyanin aglycones in the cooked
and lyophilized pasta samples.

A comparison among the data in Table 2; Table 3 also makes it evident that recovery figures for
representative anthocyanin aglycones in uncooked pasta (30–50% of the expected, Table 3) are much
lower than recovery figures for total anthocyanins (90–65%, Table 2), suggesting that the glycosylated
forms of anthocyanins are less sensitive to matrix-related recovery issues. Extending the above
comparison to the cooked samples, it appears evident that the abundant glycosylated anthocyanins are
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much more prone to being released upon cooking than their aglycones, and that anthocyanin aglycones
are retained by the matrix in cooked pasta independently of whether the enriched pasta was based
on semolina or wheat-flour (see Table 3), at difference with what observed with total anthocyanins
(see Table 2).

Table 3. Content of representative aglycones in enriched pasta.

Content in Individual Species,
μg aglycone/g Pasta

Expected *
Common Wheat Flour +DF Semolina + DF

Uncooked Cooked Uncooked Cooked

Anthocyanins Cyanidin 9.05 3.11 ± 1.10 a 4.89 ± 1.21a 4.02 ± 0.81 a 4.92 ± 1.08 a

Delphinidin 13.11 6.07 ± 0.91 a 6.02 ± 1.11 a 6.15 ± 0.81 a 8.78 ± 2.11 a

Phenolics
Ferulic acid 4.51 4.10 ± 0.61 a 1.84 ± 0.12 c 4.73 ± 0.39 a 2.38 ± 0.11 b

Rutin 5.00 1.85 ± 0.41 a 1.65 ± 0.08 a 1.73 ± 0.28 a 1.45 ± 0.10 a

Quercetin 4.52 0.48 ± 0.11 a 0.25 ± 0.06 b 0.43 ± 0.07 a 0.38 ± 0.02 a

Different letters in a row indicate a significant difference at p < 0.05 (Tukey test; n = 4). * As calculated from
formulation and previous analytical data on DF [20].

Figures for the aglycone forms of representative non-pigmented phenolics indicate relevant
differences in the efficiency of their incorporation in non-cooked pasta. Whereas ferulic acid was
incorporated almost completely regardless of the use of flour or semolina in the formulation, rutin
levels in pasta were roughly 30% of what expected, and quercetin fared even worse, showing a 10%
incorporation, again regardless of the use of flour or semolina. This is in keeping with the data in
Table 2, indicating a 30% retention of total phenolics.

Conversely, bioactive losses upon cooking were highest for the aglycone form of ferulic acid
(30–50%) and statistically negligible for the rutin aglycone. In contrast, about 50% of the quercetin
aglycone was lost upon cooking flour-based pasta, but no significant losses were observed in the
case of semolina-based pasta. In this frame, it should be noted that losses in total phenolics upon
cooking were ranging from 50 to 60 percent (see Table 2), again with the lowest losses being recorded
for semolina-based pasta.

3.3. Inhibition of Enzymes Relevant to Glucose Metabolism and Uptake

Ethanol/HCl extracts from cooked pasta were tested for their capability of inhibiting pancreatic
α-amylase and brush border alpha-glucosidase. Cooked pasta was used for these studies, in order to
evaluate the possible effects of the bioactives in both types of enriched pasta after undergoing all the
required steps prior to their consumption.

The data in the upper panel of Figure 1 indicate that extracts from either type of pasta had
an inhibitory activity towards pancreatic alpha-amylase remarkably higher than the reference drug
acarbose or extracts from the debranning fraction (DF) used in the formulation of either type of
pasta (on a weight basis, as anthocyanin equivalents). Extracts recovered from semolina-based pasta
were found to be less effective inhibitors than those from flour-based pasta, in particular at low
anthocyanin concentrations.

A comparison with the profile of individual classes of phenolics in the extracts (see Table 3) does
not offer valuable hints for a straightforward interpretation of these results. Further investigation is
required to assess whether the difference between extracts from the two pasta samples could depend
on the absence of synergistic effects among individual classes of phenolics (and individual chemical
species, as reported in previous studies on alpha-amylase inhibition with various classes of phenolics
of different origin [11,13,14], possibly as a consequence of losses or alterations of specific individual
molecules during the processing and cooking steps.
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Figure 1. Inhibition of pancreatic alpha-amylase (upper panel) and brush-border alpha-glucosidase
(lower panel) by HCl-ethanol extracts from cooked pasta, the original debranning fraction (DF), and by
the reference drug, acarbose. Concentration of bioactives in extracts from either type of cooked pasta
and from the debranning fraction (DF) is given as cyanidin equivalents. Results are reported as averages
± SD (n = 3).

The data on glucosidase inhibition by extracts from either type of cooked pasta are reported in the
lower panel of Figure 1 and indicate that brush border alpha glucosidase is less sensitive to phenolics
in the HCl-ethanol extracts (and to the reference drug, acarbose) than pancreatic alpha-amylase,
confirming a number of previous reports [13,14]. Also, in the case of alpha-glucosidase, extracts from
flour-based pasta appear more active than those from semolina-based pasta at identical concentrations
of anthocyanins. As already pointed out for alpha-amylase inhibition, extracts from either type of pasta
were much more efficacious in alpha-glucosidase inhibition than extracts from the debranning fraction
(DF) used in the formulation of either type of pasta (on a weight basis, as anthocyanin equivalents).

As in the case of alpha-amylase, the differences in alpha-glycosidase inhibitory activity between
extracts from the two pasta samples are most evident at low concentrations (<15 mg/L) of bioactives.
Again, comparison with data reported in previous work [13] indicates that the inhibitory effects of
anthocyanins extracted from cooked pasta samples towards alpha-glycosidase were higher (about
50% inhibition at 25 mg/L total anthocyanin, almost regardless of the type of pasta, see Figure 1) than
those for extracts from the same debranning fraction used in this study, which gave approximately
30% inhibition at the same concentrations.
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The results discussed above may be interpreted by taking into account the different phenolics
profile in the extracts used in this study (see Table 3). These figures suggest that some of the phenolics
originally present in DF are better retained in the cooked products than others or, conversely, that
the retained ones are more powerful inhibitors than those lost in any of the steps leading to the final
cooked pasta. As for the differences observed at low concentrations of anthocyanins in the inhibition
assays, a working hypothesis could ascribe them to a different interplay among the individual species
that are retained in each system and are responsible for specific inhibition of either enzyme. Indeed,
a number of studies have pointed out synergistic inhibitory effects among various molecules in this
general class of compounds [10,13,14].

3.4. In Vitro Study of Anti-Inflammatory Activity of Cooked Pasta Extracts on Caco-2 Cells

The anti-inflammatory activity of extracts from either type of enriched pasta was tested on the
same model used in a number of previous studies [3–5]. In short, the model allows us to estimate the
effects of extracts for inhibiting IL1β-stimulated synthesis of NF-κB in suitably transfected Caco-2 cells.
Anthocyanidins are among the phenolics reportedly able to suppress the expression of inflammatory
mediators such as cyclooxygenase (COX-2) by attenuating various forms of cellular signaling, including
pathways involving NF-κB and MAPK [1,4–7,36].

From a methodological standpoint, it has to be underscored that the extracts from cooked pasta
samples used in the experiments involving cells were prepared in aqueous ethanol to avoid cell
viability issues related to residual traces of HCl [13]. This experimental detail prevents any immediate
comparison with the ethanol/HCl extracts discussed above but allows straightforward comparison
with the acid-free extracts from the same debranning fraction used in the formulation of the pasta
samples used here and already tested for their anti-inflammatory activity in previous studies [13].

The data in Figure 2 highlight the ability of extracts from both types of cooked pasta to suppress
NF-κB expression in the cellular model at concentrations much lower than those required for inhibiting
enzymes relevant to glucose metabolism. As observed for enzyme inhibitory activities, the higher
efficacy of extracts from flour-based pasta in repressing response to IL-1β with respect to the
semolina-based one seems to level off at a high concentration of phenolics (as anthocyanin equivalents).

μ

Figure 2. Immunosuppressive effects of the aqueous ethanol extracts from both types of cooked pasta
and the original debranning fraction (DF) Data are presented as percent inhibition of IL1β-stimulated
expression of NF-κB. Acid-free extracts were used in all these assays. Results are reported as averages
± SD (n = 3).
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Figure 2 makes also evident that acid-free extracts from DF were sensibly less efficacious in
suppressing NF-κB expression in the cellular model used here than that of similar extracts from either
type of cooked pasta all over the concentration of anthocyanins tested here. As discussed above,
these differences likely stem from the different phenolics profile in the various extracts (see Table 3).
Again, as in the case of enzyme inhibition, some of the phenolics in DF could be better retained in
the cooked products than others, and the retained ones may include species that are particularly
efficient in suppressing inflammatory response either as individual compounds or through synergistic
effects [10,13,14]. Work currently in progress will hopefully contribute to elucidating in sufficient detail
the molecular determinants of the observed differences and offer some useful clues as to the suspected
synergies among individual components in the extracts.

4. Conclusions

Pilot-plant scale incorporation of a phenolics- and fiber-rich fraction (from the debranning of
purple wheat) into both semolina- and flour-based pasta was tested at 25% content of the debranning
fraction, an amount suitable for avoiding excessive changes in the pasta-making process itself, as well
as (1) preserving structural integrity of the product, (2) ensuring some attractive color characters in
pasta, and (3) providing added value by incorporating nutritionally relevant amounts of both dietary
fibers and phenolics.

Protein solubility and thiol accessibility approaches indicated that protein networks in flour-based
enriched pasta were mostly stabilized by hydrophobic interactions and had lower compactness
than those in the semolina-based enriched sample. However, a comparison with non-enriched
semolina-based pasta indicated that the addition of the bran-derived fraction in the enriched pasta
resulted in a sensible destabilization of disulfide-stabilized protein networks in semolina-based systems.

Either type of enriched pasta had a content in anthocyanins and total phenolics much higher
than what reported in literature for products obtained from whole pigmented grains, but lower
than what was expected from what was calculated from their formulation, at least on the basis of
previous analytical data on the debranning fraction of purple wheat used in this study [13,20,21].
Losses in either anthocyanins or phenolics may have occurred as a consequence of thermal
treatments in the pasta-making process (most likely as a consequence of the drying steps in pasta
production) [7,8,10,15,31]. However, the decrease observed for both anthocyanins and phenolics before
cooking could also stem by analytical recovery issues, as suggested by the observation that retention
figures in uncooked pasta were lower in semolina-based samples than in flour-based ones.

Cooking induced a further decrease of the phenolics content in both pasta samples. In the case of
flour-based enriched pasta, similar cooking losses were observed for anthocyanins alone and total
phenolics. Conversely, cooking semolina-based enriched pasta gave a loss in total phenolics slightly
lower than those observed in flour-based enriched pasta, but losses in anthocyanins upon cooking
semolina-based enriched pasta were the highest, resulting in a final content of these species never
exceeding 20% of what was expected on a formulation basis.

HPLC profiling of phenolics was carried out on extracts from either type of enriched pasta both
before and after cooking. Although the characterization reported here may hardly be seen as complete,
results are suggesting the possible “preferential retention” of specific compounds in each type of
enriched pasta, both before and after cooking. The relevance of specific/preferential retention was
evident from measurements of biological activities, which were carried out using suitable extracts from
cooked samples of either type of enriched pasta.

Extracts from cooked pasta samples were tested for inhibitory capacity towards enzymes involved
in glucose metabolism and uptake, and for the ability to suppress the cellular response to inflammatory
stimuli. Results of both types of test (i.e., “in vitro” inhibition of enzymes and suppression of response
to inflammatory stimuli in a widely used cellular model [1,3,13,36]) indicated that the phenolics
retained in both samples of cooked, enriched pasta may be regarded as the “good” ones, at least in
terms of biological activity. Indeed, extracts from either type of enriched pasta had inhibitory capacities
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higher than extracts of the original debranning fraction used for formulating these products at identical
concentrations of bioactives.

A coarse estimate from data in Table 2 indicates that a 60 g serving (dry weight) of pasta enriched
with suitable fractions from purple wheat debranning could provide between 1.8 and 2.4 mg of total
anthocyanins in the cooked product. This should result in an estimated duodenal total concentration of
anthocyanins in the range of 4 to 6 mg/L. In this concentration span, the activity of enzymes involved in
glucose metabolism is decreased (decrease is in the 20% to 25% range, see Figure 1), as is the response
of epithelial cells to inflammatory stimuli (decrease is in the 75% to 60% range, see Figure 2).

The findings reported here may be seen as exciting from the viewpoint of obtaining products
with possible physiological impact and of general appeal to the consumer (with the bonus of added
nutritional value as a consequence of their content in dietary fibers) by using established production
processes. On the other hand, from the standpoint of the food chemist or biochemist, these results
bring forward a number of daunting challenges. Indeed, providing a molecular-based rationale
for the observations reported above will require substantial efforts, including a more thorough
characterization of components in the various samples and, possibly, the use of specific mixtures of
individual components to verify, in vitro at least, the observed effects and the occurrence of possible
synergies among specific compounds.
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Abstract: Fresh pasta (SP) was prepared by mixing semolina with liquid sourdough, whole wheat
semolina based, and the effects of sourdough inclusion were evaluated against a control sample (CP)
prepared using semolina and whole wheat semolina. Physicochemical, nutritional, and sensorial
analyses were performed on pasteurized fresh pasta, before and after cooking. The optimum cooking
time was not affected by whole wheat sourdough, whereas differences were found in color, firmness,
and cooking loss. Changes of in vitro digested starch fractions in SP pasta were affected by a higher
cooking loss. Overall, SP samples were characterized by improved nutraceutical features, namely
higher content of free essential amino acids and phenolic compounds, lower phytic acid content,
and higher antioxidant activity. Sensory analyses (acceptability and check-all-that-apply (CATA)
tests) showed significantly higher scores for the SP, and the differences were enhanced when the
consumers were informed about the product composition and how it was manufactured. Consumers
checked for more positive sensory parameters for the SP than the CP.

Keywords: sourdough; fiber; amino acids; phenolic compounds; phytic acid

1. Introduction

Pasta is a staple food in the Mediterranean area, and it is produced and consumed worldwide.
It is a good source of carbohydrates and proteins, with interesting nutritional properties, i.e., a low
glycemic index. In recent years there has been a trend towards the production of whole wheat pasta,
which represents a good source of fiber. The intake of dietary fiber exerts beneficial effects on human
health. In fact, bran, a by-product of wheat milling, obtained from the outer layers of wheat kernel,
contains fibers, vitamins, and minerals. Many advantages have been associated with the consumption
of bran fiber, in terms of risk reduction of hypertension, breast cancer, and type 2 diabetes, and in
terms of prevention of colon disease and gastric cancer [1,2]. Bran fiber is resistant to digestion
and absorption at the small intestine level, and thus reaches the colon where bacterial fermentation
occurs and produces short chain fatty acids [3]. On the other hand, wheat bran contains phytic acid,
recognized as an anti-nutritional compound [4], which reduces the nutritional value by chelating
ions (such as Ca2+, Fe2+, Mg2+, and Zn2+). Mineral deficiency could lead to decreased function of
the immune system and reduced body growth and development [5]. With regards to bread making
technology, the use of bran has some drawbacks which negatively affects volume, texture, and sensory
acceptance [6]. Pasta prepared with the addition of bran has an inferior technological quality as
compared with pasta prepared with semolina [7] or wheat flour [8], because bran interferes with gluten
development, especially when bran presents inappropriately sized particles [9].
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The general recognition of the positive nutritional effects of fiber consumption increase the
demand for technological solutions to overcome the negative effects of bran supplementation. In bread
making technology, fermentation of bran by microbial strains has been suggested as a method to
reduce the negative effects of phytic acid [10] and to improve the volume and sensory properties of
bread containing bran [11].

Few scientific papers have reported on the use of fermentation technology in pasta making.
A gluten-free pasta was produced by [12] using buckwheat flour and 24 h fermented semolina,
a vitamin B2-enriched pasta was produced by [13] using a 16 h prefermented semolina, and fresh pasta
was produced by [14] using semolina and semolina-based liquid sourdough. In this study, fermented
whole wheat semolina was used as a functional ingredient in pasta making, in order to ameliorate
the detrimental effects of bran fraction over the structure and sensory features, while retaining
the advantageous effects of bran on human health. Physical, chemical, sensorial, and nutritional
characteristics were evaluated.

2. Materials and Methods

2.1. Raw Materials

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

2.2. Preparation and Maintenance of Liquid Whole Wheat Semolina-Based Sourdough (LWS)

A liquid whole wheat semolina-based sourdough (LWS) was prepared starting from the
semolina-based liquid sourdough used by Fois et al. [14], which was refreshed for several days
by back-slopping using whole wheat semolina and water, at a ratio of 1:1.5:1.5, in order to obtain a
dough yield of 200. Back-slopping was done in the bioreactor GL MINI 25 (Esmach S.p.A., Grisignano
di Zocco, Italy). The fermentation process was conducted at 26 ◦C for 5 h, and then LWS was kept at
5 ◦C until the subsequent daily back-slopping. The product was monitored daily in order to achieve
stable values of pH and total titratable acidity (TTA).

The ripe sourdough had a pH value of 4.3, a TTA of 12.4 mL NaOH (0.1 mol/L) in 10 g, and a
viable cell number of approximately 107 cfu/g for yeast and 105 cfu/g for lactobacilli. Yeast cells were
enumerated on Rose Bengal Chloramphenicol agar, and lactobacilli on de Man, Rogosa and Sharpe
(MRS) modified agar medium [14]. Media and supplements were purchased from Oxoid (Basingstoke,
England).

2.3. Physicochemical Analyses of Pasta and LWS

A thermogravimetric analyzer Thermostep (Eltra GmbH, Haan, Germany) was used for moisture
and ashes content determination, at 105 ◦C and at 600 ◦C respectively. Both TTA and pH were
determined with an automatic titrator (Crison, Hach Lange, Barcelona, Spain), after homogenization
of 10 g of sample in 90 mL of distilled water. After 30 min of gentle stirring for sourdough,
and 60 min for pasta, the pH was determined, and the samples were titrated to a pH of 8.5 with NaOH
0.1 mol/L. The TTA was reported as mL of NaOH per 10 g of sample. The total dietary fiber (TDF)
content of pasta was measured using the Total Dietary Fiber assay kit (Megazyme, Wicklow, Ireland).
The color was determined on raw spaghetti placed side by side without any gap, using a CM-700d
spectrophotometer (Konica Minolta, Osaka, Japan), using Standard Illuminant D65/10◦. Prior to
measurements, the instrument was calibrated against the white tile. CIE L*a*b* color space coordinates,
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lightness (L*), color in the red/green field (a*) and color in the blue/yellow field (b*), were computed.
The Euclidean distance between colors, calculated as ΔE76, was used to estimate the range of perceived
difference between samples of close chroma [15]:

ΔE76 =

√
(L∗2 − L∗1)

2 + (a∗2 − a∗1)
2 + (b∗2 + b∗1)

2 (1)

0 < Δ76 < 1 the difference is unnoticeable; 1 < Δ76 < 2 the difference is only noticed by an experienced
observer; 2 < Δ76 < 3.5 the difference is also noticed by an unexperienced observer; 3.5 < Δ76 < 5 the
difference is clearly noticeable; 5 < Δ76 gives the impression that these are two different colors

Protein content (N × 5.27) was determined in 200 mg of pasta by the crude protein AACC
(American Association of Cereal Chemists) combustion method 46–30 [16] using a Rapid N Cube
analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany).

2.4. Pasta Making

The pasta was manufactured using the pasta maker “La Monferrina Dolly” (Moncalieri, Italy)
equipped with a bronze die. The control pasta (CP) was prepared by mixing semolina (700 g) and
whole wheat semolina (280 g) with 318 mL of water. Pasta with LWS, hereafter called sourdough pasta
(SP), was prepared by mixing 38 mL of water, 700 g of semolina, and 560 g of LWS (consisting of 280 g
of whole meal semolina and 280 mL of water). The dough was mixed for 20 min before extrusion into
“spaghetti” of 3 mm diameter. After production, the CP and the SP were immediately pasteurized (at
97 ◦C for 3 min) and packaged under modified atmosphere (CO2:N2 = 30:70) [14]. For the analysis
of total starch, protein digestibility, free amino acids, total phenolic compounds, antioxidant activity,
and phytic acid, the samples were homogenized using a cryogenic mill (SpexSamplePrep, Stanmore,
UK) and stored at −80 ◦C. All the analyses were replicated three times (n = 3).

2.5. Cooking Quality and Texture Analysis

The optimum cooking time (OCT), cooking loss (grams of solids in cooking water per 100 g of
pasta as is), and swelling index (SI), i.e., grams of absorbed water per gram of pasta DM were measured
for the CP and the SP according to the AACC Approved method 66–50 [16].

The texture of pasta, cooked to OCT, was evaluated according to the AACC Approved method
66–50 [16], using a TA.XTPlus Texture Analyzer (Stable Microsystems, Godalming, UK). The spaghetti
strands were rinsed in cool water (4 ◦C) for 30 s to avoid overcooking. Tests were performed on 5
spaghetti strands, cut crosswise by the plexiglass blade probe A/LKB-F, at a test speed of 0.17 mm/s and
a distance of 4.5 mm. The maximum force (N) of the curve, referred to as “firmness”, was computed.
The software Texture Expert Exceed (v1.21) (Stable Microsystems, Godalming, UK) was used for texture
data processing.

2.6. In Vitro Starch Digestibility

In vitro digestion of starch was performed on the CP and the SP, in order to quantify rapidly
digestible starch (RDS), slowly digestible starch (SDS), and inaccessible digestible starch (IDS). RDS is
the glucose released after 20 min of in vitro digestion. SDS and IDS are defined as the glucose released
in the time frame between 20 and 120 min and between 120 and 180 min, respectively. IDS is defined
as “inaccessible digestible starch” since it is not actually digestion-resistant starch, but just physically
inaccessible to the digestive enzymes, and it was made accessible by homogenization of the sample
after 120 min of in vitro digestion (Sanna et al., 2019).

Samples were cut 2 cm long and cooked to OCT, and then processed as in Sanna et al., [17].

2.7. Protein Digestibility and Free Amino Acid Analysis

The raw and cooked CP and SP samples were analyzed for protein digestibility [18,19] and free
amino acid content. Free amino acid extract was prepared mixing 10 mL of 0.1 M hydrochloric acid
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solution and 1.5 g of homogenized sample, then, the mixture was vortexed for 10 s and centrifuged at
18,000× g at 4 ◦C for 15 min. Finally, the supernatant was filtered through a 0.22 μm PTFE syringe filter
(Phenomenex, Macclesfield Cheshire, UK). The amino acid analysis was performed using an Agilent
1200 series HPLC system (Santa Clara, California, CA, USA), equipped with a binary pump with
integrated vacuum degasser, an autosampler, a thermostated column compartment, and a diode array
detector (DAD). The system was controlled by the Agilent Chemstation chromatography manager.
The pre-column derivatization, gradient eluent method, and injection program were performed
according to Agilent Application Note [20], using an Agilent Poroshell HPH-C18 column (4.6 × 100 mm,
2.7 μm pore size; Agilent Technologies, Santa Clara, California, USA) with HPH-C18 fast guard (Agilent
Technologies, Santa Clara, California, USA), at a temperature of 40 ◦C. The pre-column derivatization
was performed using o-phthalaldehyde reagent (OPA), 9-fluorenylmethyl chloroformate reagent
(FMOC), and borate buffer supplied by Agilent Technologies. Standard solutions were purchased from
Agilent Technologies, whereas GABA (γ-aminobutyric acid) was purchased from Sigma-Aldrich S.r.l.
(Milano, Italy). Results were expressed as mg/100 g DM.

2.8. Total Phenolic Content and Antioxidant Activity

The total phenolic content (TPC) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
activity were determined on raw and cooked CP and SP, by suspending 1 g of sample in 10 mL of an 80%
aqueous methanol solution (20:80, v/v). The mixture was shaken for 2 h at 750 rpm in a thermomixer
(Thermomixer Comfort, Eppendorf), then centrifuged at 800× g for 10 min. Supernatant was filtered
through a 0.22 μm PTFE (Polytetrafluoroethylene) syringe filter (Phenomenex, Macclesfield Cheshire,
UK) and stored at −20 ◦C until analyses.

The TPC of sample extracts was determined using the Folin–Ciocalteau method [21] with the
following modifications: 0.2 mL of the sample extract (or 80% methanol for the blank) was mixed
with 1.5 mL of Folin–Ciocalteau reagent, previously diluted with water (1:10 v/v), and 1.5 mL of
saturated sodium carbonate solution (7.5% w/v). The mixture was allowed to stand in the dark at
room temperature for 1 h, then the absorbance was read at 735 nm, against the blank. The gallic acid
calibration curve was built in the range 25–600 mg L−1 (y = 0.0051x + 0.071 R2 = 0.999) and results
were expressed in terms of Gallic acid equivalents (GAE mg mL−1).

The antioxidant activity of pasta was determined through the evaluation of free radical scavenging
effect on the DPPH radical, according to [22] with some modifications: 1.4 mL of DPPH solution
(0.10 mM in an 80% aqueous methanol) was mixed with 0.1 mL of sample extract, in a 1.5 mL
centrifuge tube, vortexed, and then allowed to stand for 30 min in the dark. The discoloration of DPPH
against the 80% aqueous methanol was monitored after 30 min, measuring the absorbance at 517 nm.
The antioxidant activity of the sample was expressed as the percentage discoloration of DPPH solution,
by the following equation:

% discoloration = [(AbsDPPH − AbsSample)/AbsDPPH] × 100 (2)

where, AbsDPPH is the absorbance of the DPPH solution without extract, and AbsSample is the absorbance
of the sample solution after 30 min of reaction.

All reagents were analytical grade and purchased from Sigma-Aldrich S.r.l. (Milano, Italy).

2.9. Phytic Acid Determination

Phytic acid was determined on the raw and cooked CP and SP using the Phytic Acid (Phytate)/Total
Phosphorus assay kit (Megazyme, Wicklow, Ireland).

2.10. Consumer Testing

An acceptability test and a check-all-that-apply (CATA) method [23] were performed on the CP
and SP samples. The test was carried out by 54 consumers, 26 women and 28 men, most of them
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recruited on the basis of interest and willingness. They were regular pasta consumers, aged between
32 and 60 years, not trained on sensory analysis of pasta products. Approximately, 40 g of packed
sample were supplied to each consumer and the test was performed at their own home, under real
conditions of use and consumption [24], so that consumers could season the pasta with the preferred
sauce. The optimal cooking time, and the avoidance of spice and chili were suggested.

The evaluation of the SP and CP samples was carried out in two separate conditions, at two
different sessions. The first condition was a blind test and the second condition was an informed
test, in which consumers, before evaluating pasta, were informed on how the SP and CP pasta
were produced.

Consumers were asked to give a judgment for acceptability by scoring for the following attributes:
flavor, taste, texture, and overall acceptability. A nine-point structured hedonic scale ranging from
1 (extremely disliked it) to 9 (extremely liked it) was used, and a sample was considered acceptable
when it scored above 5 (neither like nor dislike). Then, consumers answered the CATA questionnaire,
containing 12 phrases related to sensory, hedonic, and functional properties of the samples, which were
the following: Do you believe that it is a wholesome food? Do you believe that it is ideal for a balanced
diet? Do you feel it satiating? Do you sense a distinctive odor? Does it remind you of home-made
pasta? Does it feel hard to chew? Do you feel it is tasty? Do you feel any unusual taste? Do you feel it
“al dente” (cooked to OCT)? Does it absorb the sauce well? Do you feel it is sticky? Is it pleasantly sour?

The consumers were forced to answer “yes” or “no”, checking all phrases that applied as suitable
to describe the product.

2.11. Statistical Analysis

Standard ANOVA procedure (randomized complete design with three replicates and two
treatments) was applied on the dataset. The means were separated by the LSD test at p= 0.05 significance
level, using the Statgraphics Centurion software package (version16.1.11, Statpont Technologies Inc,
Warrenton, VA, USA).

Hedonic scores collected in the acceptability test were analyzed by analysis of variance (ANOVA).
The Cochran’s Q test at p = 0.05 was used to analyze the CATA data.

3. Results

3.1. Physicochemical Characteristics and Cooking Properties

Physicochemical characteristics of samples are reported in Table 1. The fermentation process did
not affect ashes, moisture, and protein content, which were similar in the SP and CP samples, nor the
total dietary fiber content, which was measured prior to cooking. Moisture increased after cooking,
similarly in the CP and SP, and this was obviously due to the water absorbed during cooking. Ashes
decreased after cooking, probably because mineral salts were lost in the boiling water. After cooking,
protein percentage increased in the CP, whereas it did not vary in the SP and probably this was an effect
of cooking loss, as discussed later and displayed in Table 2. Cooking caused an increase in the pH of
the SP and a decrease of the TTA values in the CP and SP, indicating that organic acids diffused into the
cooking water. The lightness (L*) and the yellow color (b*) were significantly higher in the SP than in
the CP, as showed in Table 1, suggesting a greater retention of the pigments which could contribute to
a higher antioxidant activity [14,25]. The Euclidean color distance, ΔE76, was 4.26, depicting a clearly
noticeable difference at human sight [15].

Table 2 shows the results of cooking quality analysis and texture of cooked pasta. The optimal
cooking time was seven minutes for both the SP and the CP. The CP and SP showed the same swelling
index, indicating the same amount of water absorbed, whereas differences were found in the cooking
loss, which was significantly higher for the SP samples. Analysis of solids leached into the cooking
water, indicate that the SP released more proteinaceous substances than the CP. Moreover, the SP
showed a lower firmness than the CP.
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During the cooking of pasta, starch is normally leached into the water, together with soluble
proteinaceous material. Kordonowy and Youngs [26] reported that the cooking loss was higher in
bran-containing food, as a consequence of water-soluble components of bran and gluten dilution.
In the SP the protein loss in the cooking water was higher than in the CP, probably because proteins
have been partially hydrolyzed to peptides and amino acids by microbial proteases and, to a greater
extent, by endogenous proteases and peptidases, which are active at a low pH. The proteolytic activity
on the gluten proteins also explains the lower firmness of cooked pasta.

3.2. In Vitro Starch Digestibility

The results of glucose release after in vitro starch digestion and total starch values are reported
in Figure 1. No significant differences were found between samples for the rapidly digestible starch
(RDS), slowly digestible starch (SDS), and total digestible starch (TDS), whereas a significant difference
was found for the inaccessible digestible starch (IDS), which resulted in being significantly lower in
the SP sample. The differences observed for the TDS (44 g/100 g DM for the SP against 48 g/100 g
DM for the CP), nevertheless not significant at p = 0.05, are fairly high. The acidic conditions of the
SP before the heat treatment (pasteurization) should have been responsible for a stricter interaction
between starch and gluten [27], and thus an increase of IDS, the starch fraction indigestible because of
the food structure, was expected in the SP. Moreover, several studies have investigated the effects of
dietary fiber in food and pasta on in vitro digestibility [28,29] showing that dietary fiber might have
been responsible for the formation of a polysaccharide network that could encapsulate the starch
granules during processing. The entrapment of starch reduces accessibility to enzymatic degradation,
and therefore reduces the sugars released in the blood [30]. Sourdough technology applied to whole
wheat bread already has been proved to retard postprandial glucose and insulin response of bread,
with respect to yeast leavened whole wheat bread [31]. The decrease of IDS in the SP could be explained
taking into account the higher cooking loss observed in the SP samples, which was a consequence
of a greater disruption of food structure during cooking, thus altering the relative percentages of
starch fractions. Sourdough determines the partial hydrolysis of proteins, causing a higher loss of
peptides and amino acids in the cooking water and, at the same time, a weakening of the gluten matrix.
A weaker gluten matrix is less able to entrap swollen starch granules during cooking, resulting in
higher cooking loss of starch, which explains the lower content of some starch fractions in the SP.

Figure 1. Results of in vitro digestion of pasta samples. RDS, rapidly digestible starch; SDS, slowly
digestible starch; IDS, inaccessible digestible starch; TDS, total digestible starch. Black bars, CP and grey
bars, SP. Different letters (a, b) for the same starch fraction denote a statistically significant difference
between samples at p ≤ 0.05.
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3.3. Protein Digestibility and Amino Acid Content

The digestibility of protein and the total protein availability (i.e., protein content*digestibility)
are reported in Table 2, expressed as a percentage of the average of triplicate runs. The digestibility
is significantly lower in the SP (83%) as compared with the CP (86%), and consequently the value of
protein availability is lower in the SP. The method used to estimate protein digestibility [18] measures
the pH drop, after 10 min of hydrolysis, of an aqueous protein suspension that has been adjusted to a
pH of 8.0 using NaOH. During enzymatic hydrolysis, carboxyl (-COO−) and amino (-NH3+) groups
are released from proteins. Protons, (H+), released into the surrounding reaction medium give rise to a
decrease of the pH. The lower protein digestibility found in the SP is, therefore, due to the fact that part
of the accessible peptidic bonds, which are the source of protons measured during the procedure, had
already been broken by protease of the liquid sourdough. Moreover, as observed by Desai et al. [19]
phenolic compounds (which are present at higher amount in the SP sample, as discussed later on)
can contribute to a decrease in the protein digestibility. Therefore, pH drop method results must be
carefully interpreted when they come out from the analysis of fermented products.

Table 3 shows the quantity of the 20 individual free amino acids (FAAs) measured in raw and
cooked CP and SP. Aspartic acid, glutamic acid, asparagine, arginine, alanine, GABA and tryptophan
had the highest concentrations in all samples, whereas the least abundant FAAs were glutamine,
histidine, methionine and isoleucine. In the SP, the mean value of total FAAs was 197.41 mg/100 g and
171.91 mg/100 g, raw and cooked, respectively. For the CP it was 159.65 and 153.39 mg/100 g, raw and
cooked, respectively. The SP had the highest total FAA content, likely due to the proteolytic activity of
the sourdough, and significant (p < 0.05) differences could be found between the SP and CP samples for
all amino acids, except for glycine, alanine, tryptophan, lysine, and proline. Commonly, the amount of
each FAA was higher in the SP than the CP, except for GABA, asparagine, and glutamine which were
higher in CP. SP also had a significantly higher content of total free essential amino acids (EAAs).

Table 3. Free amino acid content in pasta samples (mg/100 g of pasta dry matter).

Aminoacids Fermentation Cooking Fermentation*Cooking
CP SP

Raw Cooked Raw Cooked

Aspartic acid ** *** ns 23.34 24.32 33.27 29.70
Glutamic acid *** ** ns 14.86 15.19 29.48 26.36

Asparagine *** *** * 21.63 20.62 14.86 13.41
Glutamine *** *** *** 4.84 5.24 1.24 1.34

Serine *** *** * 3.03 2.77 5.62 5.41
Histidine * ** ns 2.22 2.13 2.84 2.46
Glycine ns *** ns 3.81 4.10 4.39 4.52

Threonine *** *** ns 2.20 2.27 3.75 3.48
Arginine *** ** ns 10.86 8.55 17.56 13.58
Alanine ns *** ns 11.15 11.43 12.11 11.52
GABA *** *** ns 17.88 17.19 13.44 12.40

Tyrosine * ** ns 5.06 4.37 6.59 5.14
Valine ** *** ns 7.78 7.39 10.86 9.82

Methionine *** ** ns 0.68 0.70 1.31 1.23
Tryptophan ns ** ns 14.60 11.37 13.97 10.02

Phenylalanine *** ** ns 3.36 2.96 6.26 4.81
Isoleucine ** *** ** 1.91 1.83 1.83 1.28
Leucine *** ** ns 3.09 3.04 9.24 7.70
Lysine ns ns ns 3.52 2.86 3.86 2.95
Proline ns *** ns 3.81 5.05 4.92 4.80

FAA 1 * *** ns 159.65 153.39 197.41 171.91
EAA 2 ** ** ns 39.38 34.55 53.92 43.74

Significance of the F-test after ANOVA: ns, not significant; *, significant for p ≤ 0.05; **, significant for p ≤ 0.01; ***,
significant for p ≤ 0.001. 1 FAA, free amino acids and 2 EAA, essential amino acids.

86



Foods 2019, 8, 422

These results show the important role of the microbial fermentation in order to obtain a higher
content of FAAs and EAAs, since the acidic conditions of sourdough activated the cereal proteinases.
Furthermore, microbial peptidases released small peptides and FAAs into the food matrix [32]. Such a
phenomenon already has been observed in bread. Lappi et al., [31] found more solubilized and smaller
molecular weight proteins and peptides in sourdough than in yeast bread.

The high level of glutamic acid in the SP was an effect of microbial deamidation of glutamine [33].
This metabolic pathway plays an important role in pH homeostasis and acid resistance of
microorganisms. As reported by Zhao et al. [34], a high level of glutamic acid can also result
in a more pronounced food taste. Glutamic acid is a metabolic precursor of GABA, a non-protein amino
acid naturally present in cereals in small quantities and having different health benefits. Numerous
studies describe an increase of GABA in sourdough produced with selected lactic acid bacteria
strains [35]. In this study a lower amount of GABA was found in the SP with respect to the CP, likely
due to a consumption by the yeast [36]. Moreover, the decrease of asparagine observed in the SP as
compared to the CP, also can be due to the yeast metabolism. These results confirm that microbial
activity can affect nutritional properties and the taste of fresh pasta.

3.4. Total Phenolic Content, Antioxidant Activity, and Phytic Acid Content

The total phenolic content (TPC) and the antioxidant activity, measured as a percentage of
discoloration of DPPH radical with respect to a blank sample, are reported in Table 4. In raw pasta,
both the TPC and the antioxidant activity values were higher in the SP samples (37.0 mg/100 g pasta
DM and 6.3%) than the CP samples (23.5 mg/100g pasta DM and 3.6%). It is known that fermentation
improves the bioavailability of phenolic compounds and induces enhancement of antioxidant activity,
through a mechanism reviewed by Hur et al. [37]. In addition, cooking had a positive effect on the
TPC and antioxidant activity, which significantly increased in both the CP and SP. The increase of the
TPC in pasta after cooking has already been reported in pasta enriched with bran fractions [38], and it
was mainly ascribable to the increase of ferulic acid [39,40]. The increase of the antioxidant activity is
consistent with the observed increase in the TPC, in agreement with Fares et al. [39], who stated that
ferulic acid esters that are linked to cell walls are released by the pasta matrix during cooking and
that they do not lose their antioxidant capacity, even after the hydrothermal treatment. Note that the
combined effect of fermentation and cooking made the level of the TPC in the SP to be about three
times higher than that of the CP sample, but the concomitant increase in antioxidant activity (from
6.33% to 7.83%) did not have such a high extent. This is probably because ferulic acid shows a relatively
weak antiradical effect [41].

Table 4. Phytic acid and antioxidant activity in raw and cooked pasta. CP, control pasta and SP, pasta
with sourdough.

Samples
Total Phenolic Content 1

(mg/100 g DM)
Antioxidant

Activity 2 (%)
Phytic Acid

(g/100 g DM)

fermentation *** *** **
cooking *** *** **

fermentation*cooking *** ** ns

CP raw 23.53 c 3.57 c 0.26 a

CP cooked 36.13 b 6.53 b 0.40 b

SP raw 37.02 b 6.33 b 0.19 c

SP cooked 104.87 a 7.83 a 0.25 d

Significance of the F-test after ANOVA: ns, not significant; **, significant for p ≤ 0.01; ***, significant for p ≤ 0.001.
Different superscript letters for the same treatment denote a statistically significant difference at p ≤ 0.05. 1 mg of
gallic acid per 100 g of pasta (dry matter); 2 percentage of discoloration referred to blank sample. a,b,c Means with
different letters for each parameter indicate significant differences (p < 0.05).
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The amount of phytic acid was different between samples (Table 4), being lower in the SP as
compared with the CP, both in raw and cooked samples. The phytic acid increased significantly after
cooking, in both SP and in CP.

Bioavailability of essential nutrients, such as minerals and amino acids, is strongly reduced by
the chelating properties of phytic acid in food stuff containing bran. Kordonowy and Youngs [26]
found that the addition of bran in pasta increased the phytic acid content, and also observed the loss
of phytic acid into the cooking water. The chelating properties of phytic acid can be inactivated at
acidic conditions by the endogenous phytase of wheat [42]. In our work the significant reduction of
phytic acid in the SP with respect to the CP was due to the acidic conditions generated by fermentation,
and this is an important consequence from a nutritional point of view.

3.5. Consumer Testing

The main purpose of this study was to analyze how the use of fermented whole wheat semolina
affected sensory properties of fresh pasta, taking into account that other authors reported lower sensory
scores for high fiber pasta than for semolina pasta [7,26]. Figure 2 shows the results of the acceptability
test performed on the CP and the SP, which was planned in two subsequent steps, the first one aiming
to know the responses of consumers not informed on the SP properties (blind test), and the second
one to know the responses of consumers informed on the preparation of the sample (informed test).
As indicated in Figure 2, the scores of the CP sample were significantly lower for most of the sensory
parameters as compared with those of the SP samples, except for the flavor which was similar to the
value of the SP sample in the blind test but not in the informed test. Significant differences between the
blind and informed tests, for SP samples, were found for flavor and overall acceptability, indicating
the significant influence of information on food acceptability. Previous researches demonstrated that
information on food stuff (brand, manufacturing, nutritional properties, etc.) might affect its hedonic
rating [43,44].

Figure 2. Results of the acceptability sensory test performed on the CP sample (white bars) and on the
SP samples, the latter as blind (grey bars) and informed tests (black bars). Different letters (a, b, c) for
the same sensory parameter denote a statistically significant difference between samples at p ≤ 0.05.

Table 5 reports the relative frequencies of positive answers of consumers subjected to the CATA
test. For the most part, the SP samples collect a greater number of positive responses than CP sample.
Only the questions “Do you feel it hard to chew” and “Do you feel it sticky” collected a lower score
and CP sample was found to be harder and more sticky than SP samples. To note that in the informed
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test the SP sample collected a greater number of positive responses than in the blind test, confirming
that the information on the food preparation (i.e., the fermentation of semolina) had a positive impact
on consumers’ expected food quality. The information provided on pasta influenced positively the
“satiating” sensation, the “al dente” property and the ”absorption of sauce”, which obtained an higher
score than the SP blind sample, whereas the “unusual taste”, observed in the blind sample, disappeared
in the informed one.

Table 5. Check-all-that-apply (CATA) test results. The reported values indicate the relative frequency
of positive answers. In the first column the main attributes representing the questions addressed to the
consumers, as follows: Do you believe that it is a wholesome food? Do you believe that it is ideal for
a balanced diet? Do you feel it is satiating? Do you sense a distinctive odor? Does it remind you of
home-made pasta? Does it feel hard to chew? Do you feel it is tasty? Do you feel any unusual taste?
Do you feel it “al dente” (cooked to OCT)? Does it absorb the sauce well? Do you feel it is sticky? Is it
pleasantly sour?

Attributes Significance CP SP Blind SP Informed

wholesome *** 0.29 a 0.42 a 0.90 b

balanced diet *** 0.29 a 0.42 a 0.81 b

satiating *** 0.46 a 0.54 a 0.77 b

distinctive odor *** 0.29 a 0.79 b 0.98 b

home made *** 0.37 a 0.79 b 0.98 b

hard to chew *** 0.79 b 0.21 a 0.21 a

tasteful *** 0.21 a 0.81 b 1.00 b

unusual taste *** 0.04 a 0.29 b 0.034 a

“al dente” *** 0.19 a 0.50 b 1.00 c

adsorbs sauce *** 0.56 a 0.77 b 0.92 b

sticky *** 0.33 b 0.19 a,b 0.00 a

gently sour *** 0.00 a 0.48 b 0.71 c

Significance of the Cochran Q-test ***, significant for p ≤ 0.001. Different superscript letters for the same treatment
denote a statistically significant difference at p ≤ 0.05. a,b,c Means with different letters for each parameter indicate
significant differences (p < 0.05).

4. Conclusions

The addition of fermented whole wheat semolina affected many quality features of fresh pasta.
Differences were found in color, firmness and cooking loss, while the optimal cooking time was
the same for both samples. Notably, the SP samples were characterized by improved nutraceutical
characteristics, showing a higher content in total and essential free amino acids, phenolic compounds,
and resulting DPPH scavenging activity, and a decreased content of phytic acid. The results of sensorial
analysis indicate an increase in the overall quality of pasta obtained using fermented whole wheat
semolina, suggesting a new way for the sensorial improvement of high fiber pasta. The results of the
acceptability test highlighted the differences between the CP and SP, with the latter having higher
scores for all sensory parameters. The highest overall acceptability score was obtained from the SP
sample after consumers were informed that the SP contained sourdough, indicating consumer interest
in the addition of the functional ingredient. This study demonstrated that whole wheat sourdough
is a valuable functional ingredient in fresh pasta making. Studies are in progress with in vivo trials,
to investigate the nutraceutical properties of this innovative fresh pasta.
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Abstract: Fortifying popular, relatively affordable, but nutrient-limited staple foods, such as bread,
with Moringa oleifera leaf powder (MOLP), could contribute significantly to addressing under nutrition,
especially protein and mineral deficiencies, which are particularly prevalent among a large proportion
of populations in sub-Saharan African countries. The current study aimed to determine the effect
of MOLP on the physical quality, nutritional composition and consumer acceptability of white and
brown breads. The texture, colour and nutritional composition of white and brown bread samples
substituted with 5% and 10% (w/w) MOLPs were analysed using standard methods and compared
with the control (0% MOLP). A consumer panel evaluated the acceptability of the bread samples
using a nine-point hedonic scale. Bread samples became darker as the concentration of MOLP was
increased, whilst nutrient levels increased. The overall consumer acceptability of the bread samples
decreased with increasing concentrations of MOLP. However, brown bread samples were significantly
more acceptable compared with corresponding white bread samples (p < 0.05). Under the experiment
conditions of the current study, it seems that the bread containing 5% MOLP can be used to contribute
significantly to addressing malnutrition, with respect to protein deficiency.

Keywords: Moringa oleifera leaf powder (MOLP); bread; fortification; nutritional composition;
consumer acceptability

1. Introduction

Food insecurity and malnutrition are significant problems globally, specifically undernutrition
(wasting, stunting, underweight and micronutrient deficiencies) and hunger [1]. Moderate and severe
hunger affects approximately two billion individuals worldwide [1], which contributes significantly to
the high rates of malnutrition seen in the world. Approximately 21.3%, 6.9% and 5.6% of children
globally are stunted, wasted and overweight, respectively. Additionally, the 2020 nutrition global report
indicates that one in nine and one in three individuals are hungry or malnourished and overweight or
obese, respectively [2]. The COVID-19 pandemic has contributed to the increase in undernutrition,
especially in countries where people are facing financial difficulties [1]. Monotonous diets consisting
of largely starchy staple foods are mostly consumed in low- to middle-income countries, such as South
Africa (SA). Further, the majority of communities from these countries consume limited amounts of
fruits and vegetables and animal source foods [1]. Animal source foods are high in quality protein,
but are less affordable to many impoverished households in SA and other developing countries,
compared to plant-based protein sources [3]. This type of diet also lacks dietary diversity and
could also lead to micronutrient deficiencies. Micronutrient deficiencies are a public health concern,
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especially in developing countries such as SA. Vitamin A, iron and zinc deficiencies are particularly
problematic [4]. One of the main reasons for the trends of an increase in poor diets is the rising
food costs. A basic 28-item food basket in SA in 2020 costs approximately USD 53.69 [3], which can
be unaffordable to many, especially those that are hard hit by the current economic situation and
global pandemic. The poorest are the most affected and are at significant risk for food insecurity [5].
Over the years, the consumption of indigenous crops such as Moringa oleifera has decreased due to
more Westernised cultures being adopted [6]. This has resulted in less dietary diversity as foods from
the formal markets (supermarkets, etc.) are expensive. Indigenous crops, such as Moringa oleifera,
are known to be nutrient-rich as well as have many health beneficial properties. Moringa oleifera is one
of 13 species of the Moringaceae family of plants and is widely researched. This plant originated in India
and Africa but is now widely grown in other parts of the world [7]. Not only can Moringa oleifera thrive
under different climatic conditions—i.e., in tropical and subtropical countries—it also has nutritional,
antioxidant and phytochemical benefits [8].

Furthermore, Moringa is a good source of iron, which is generally deficient in most leading staple
plant-based diets such as the starchy staples [9]. Iron is an important micronutrient, especially during
pregnancy as it contributes to foetal growth. A pregnant woman who has iron-deficiency anaemia is
at great risk for perinatal and maternal mortality, premature delivery and having a low birth weight
infant [10,11]. Moringa oliefera is also rich in vitamins such as the provitamin A beta-carotene, folic acid,
pyridoxine and nicotinic acids and vitamins C, D and E [12]. Vitamin A deficiency is also common in
SA and most other developing countries, especially in the sub-Saharan African region. The human
body needs vitamin A, and its deficiency affects vision, growth, development, protein synthesis and
could result in a child not being able to reach their full potential, both physically and mentally [13].
Moringa oleifera is also a good source of protein and contains 16–19 amino acids. Ten of these amino acids
are essential [14]. Wasting can present in the form of protein-energy malnutrition (PEM) and is caused
by a deficiency of good quality protein in the diet [15]. When an individual is malnourished, their body
goes into a state of starvation and negatively affects the immune system, kidneys, cardiac muscle,
liver and gastrointestinal tract [13,15]. Micronutrient deficiencies and PEM are commonly seen in
vulnerable population groups, such as of a woman of childbearing age and children under five years.
These groups are thus targeted for nutritional interventions.

Staple foods such as bread are commonly consumed food items in SA [16], and since October 2003,
wheat flour fortification was made mandatory [17]. However, access to fortified foods still remains
challenging to many impoverished individuals, as many of these individuals rely on social grants to
purchase food [3,18,19]. Baked bread contains high amounts of energy, carbohydrates and fat, but is
limited in other nutrients such as protein, minerals and vitamins [20]. To increase the nutritional
composition of bread, Moringa oleifera leaf powder (MOLP) could be used as it is rich in proteins and
several micronutrients that are deficient in bread. Bread is an affordable source of energy (in the
form of starch) and, therefore, would be a suitable candidate for supplementation with MOLP [21].
Several studies have investigated the nutritional composition and consumer acceptability of bread
fortified with MOLP (Table 1). Consumers living in different geographical locations (e.g., countries)
may show different preference and acceptability levels for the same innovative food product developed
from the same conventional product. Thus, there may be differences in consumer acceptability of a
MOLP fortified bread across different countries. While studies conducted in other countries found
that the dark colour and bitter taste of MOLP impacted negatively on consumer acceptability of
bread [22,23], different results may be obtained with consumers living in SA. To the best of the
researchers’ knowledge, this study is first to investigate consumer acceptability of a MOLP fortified
bread in SA. Brown bread is dark in colour, so it may be a suitable food item for supplementing with
MOLP as its dark colour might not significantly change due to the addition of MOLP, which is also
dark in colour. It seems none of the previous studies listed in Table 1 compared consumer acceptable of
corresponding samples of white and brown breads supplemented with MOLP. Furthermore, the other
authors from earlier studies [23–28] (Table 1) did not compare the nutritional composition obtained
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from their respective study to the estimated average intake values. Consequently, the authors did
not determine the exact amount of nutrients that would be obtained from the consumption of usual
portions of MOLP fortified bread. Therefore, this study determined the effect of MOLP on the physical
quality, nutritional composition and consumer acceptability of white and brown breads in SA.
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2. Methodology

2.1. Study Design

This study was a cross-sectional experimental design. Figure 1 presents a conceptual framework
of the methodology.
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point hedonic scale  

Taste  

Colour 

Aroma  

Texture  

Appearance  

Overall acceptability  

Moisture 

Protein 

Fat 

Fibre 

Total minerals (Ash) 
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Figure 1. Conceptual framework of the methodology.

2.2. Preparation of Bread

Moringa oleifera leaf powder was purchased from a local pharmacy in Pietermaritzburg, SA.
The bread (both white and brown) was prepared using a standardised bread making recipe [29].
Moringa oleifera leaf powder partially replaced wheat flour at 5% and 10% substitution levels of MOLP
in both white and brown breads, respectively. Standard white and brown bread types served as
corresponding controls (0% MOLP) for the white and brown bread samples, respectively. Fresh bread
samples were baked on the day of data collection.

2.2.1. Ingredients

In this experiment, the ingredients listed below were used.

180–250 mL lukewarm water;
300 g brown/white bread flour;
10 g dry yeast;
3.8 g salt;
15 mL melted butter;
15 g or 30 g MOLP for substitution (This will be added after the flour and salt is sifted).
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2.2.2. Method

The method for making bread involved the sequential steps described next. Sift flour and salt into
a large bowl. Make a well in the centre of the flour in the large bowl. In a small bowl, mix the dry yeast
with 60 mL water and stir until dissolved. Pour yeast mixture into the well of flour and add warm
melted butter and 180 mL of water. Mix the ingredients with your fingers, then beat with your hands,
adding a little more water if necessary, to make a firm dough. Using your hands, fold and slap the
dough against the side of the bowl until it starts to feel elastic and leaves the sides of the bowl. Place the
dough onto a floured work surface and knead by folding the far edge towards you, then pushing it
firmly away with the heel of the hand. Turn the dough a little and repeat. Continue kneading until
the dough is smooth and elastic and springs back when you make a dent with your finger. Place the
dough in a clean, warm, oiled bowl, turn it over so that the dough is slightly oiled all over, then cover
it with oiled plastic wrap and a cloth. Leave to rise in a warm place for 1 h. After the allocated time,
test by pushing a finger into the dough—if the indent remains, it is ready to knock back the dough by
punching with your fist several times, squeezing out any large bubbles. Place onto a lightly floured
surface and knead three to four times. Pat the dough until round, then fold sides under to make a neat
oblong. Press together and seal, then place in a lightly oiled 23 × 12 cm bread tin. Cover loosely with
oiled plastic wrap and a cloth, leave in a warm place until it rises to the top of the tin. Preheat the
Defy Thermofan Stove (Model 731 MF) oven to 230 ◦C. Bake the bread at 230 ◦C for 15 min, then turn
the tins around, reduce to moderate heat, i.e., 180 ◦C, and bake for a further 20–25 min. The bread is
cooked if it sounds hollow when the underside is knocked with the knuckles. Take the bread out of
tins and leave to cool on a wire rack.

2.3. Physical Quality

A Hunter Lab colourimeter was used to measure the colour in all six bread samples. The L
measured lightness, a measured redness/greenness and b measured yellowness/blueness. A TA-XT2
Plus texture analyser was used to determine the texture of the bread samples [30]. The texture probe
analyser (TPA) applied a force to the bread sample at a speed of 2.0 mm/s, and the force compression
was recorded.

2.4. Nutritional Composition

The nutrition analysis was conducted on all six bread samples in duplicate for moisture, protein,
fat, fibre (NDF), total mineral (ash), calcium, iron and zinc using standard methods [31].

2.4.1. Moisture

The moisture content of all six bread samples was determined using the Association of Official
Analytical Chemists (AOAC) Official Method 934.01 [31]. The bread samples were dried in an air
circulated oven at 90 ◦C for 72 h. The moisture content was then calculated using the weight loss
content of the samples.

2.4.2. Protein

The protein content was measured with a LECO Truspec Nitrogen Analyser, using the AOAC
Official Method 990.03 [31]. The six bread samples were individually placed in a combustion chamber
with an autoloader at 950 ◦C. The percentage protein content was calculated.

2.4.3. Fat

The fat content of the six bread samples was determined according to the AOAC Official Method
920.39 [31], following the Soxhlet procedure. A Büchi 810 Soxhlett Fat Extractor was used to extract the
fat in petroleum ether which was then used to calculate the percentage fat.
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2.4.4. Fibre (NDF)

The fibre content of the bread samples was measured as Neutral Detergent Fibre (NDF). The NDF
was determined according to the AOAC Official Method 978.10, using the Dosi-fibre system [31].

2.4.5. Total Mineral Content (Ash)

The ash content, otherwise known as the total mineral content, was determined using the AOAC
Official Method 942.05 [31]. The bread samples were placed in a furnace and heated at 550 ◦C for 72 h.

2.4.6. Calcium, Zinc and Iron

The calcium (Ca), zinc (Zn) and iron (Fe) contents were determined according to the AOAC
Official Method. The bread samples were dried at 105 ◦C for 2 h, then ashed in a furnace at 550 ◦C
for 4 h. Deionized water and hydrochloric acid (HCl) were added to the ash and boiled in a water
bath until dry; this was repeated twice to allow minerals to be drawn into the solution. After 24 h,
an atomic absorption spectrophotometer was used to measure the Ca, Zn and Fe contents.

2.5. Sensory Evaluation

Fifty-four students and staff members from the agricultural campus of the University of
KwaZulu-Natal (UKZN) were recruited to participate in the study. A pilot study was conducted before
the main study using 10 participants to test the acceptability of the recipes and adjust the methods
accordingly. In the pilot study, 0%, 10% and 20% (w/w) substitutions were used; however, the 20%
substitution was not well accepted. Therefore, the MOLP substitution levels were adjusted to 0%,
5% and 10% (w/w) for the main study. The pilot study participants were not allowed to participate
in the main study. To prevent participants from communicating with one another, they were placed
in separate cubicles. Each of the six samples was assigned a unique three-digit code obtained by a
table of random numbers, and the tables of random permutations of nine were used to determine
the serving order [32]. Each participant was given about a quarter of a slice of each of the six bread
samples on a polystyrene plate. Each panellist was given a cup of water so that they could rinse their
palate between tasting each bread sample and the sensory evaluation questionnaire. The questionnaire
provided was in English, as this is the language of instruction at UKZN. The questionnaire made use
of the nine-point hedonic scale (1 = dislike extremely to 9 = like extremely) together with the sensory
attributes (taste, colour, aroma, texture, appearance and overall acceptability), which was explained to
the panellist before the commencement of the sensory evaluation. Participants were given limited
information on MOLP so that bias was prevented. Research assistants helped panellists, if necessary,
during the sensory evaluation.

2.6. Ethical Consideration

Ethical approval was obtained from the UKZN Humanities and Social Science Ethics Committee
(HSS/1244/015D). The gatekeeper’s permission was obtained from the registrar of UKZN. All panellists
were required to sign a written consent form before participating in the study.

2.7. Statistical Analysis

Data from the physical quality, nutritional composition and sensory evaluation questionnaires
were entered into an Excel spreadsheet and cross-checked for accuracy. Thereafter, data were transferred
to the Statistical Package for Social Science® (SPSS) version 25 (IBM Corp., Armonk, NY, USA) for
analysis. Appropriate statistical techniques, including the Bonferroni and Tukey tests, were used to
analyse the data. A p-value of <0.05 was considered to be statistically significant.
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3. Results

3.1. The Effect of Moringa oleifera Leaf Powder on the Physical Quality of White and Brown Breads

Figure 2 shows the six bread samples, and Table 2 presents the effect of MOLP on the colour and
texture of the bread.

 

Figure 2. Depicts the different bread samples ((A): Brown bread (control, 0%); (B): Brown bread (5%)
(C) Moringa oleifera leaf powder [MOLP]); Brown bread (10% MOLP); (D): White bread (Control, 0%);
(E): White bread (5% MOLP); (F): White bread (10% MOLP)).

Table 2. The effect of Moringa oleifera leaf powder fortification on colour and texture of white and
brown breads.

Bread Samples
(% w/w MOLP Added)

Colour and Texture (Mean ± SD)

L (Lightness) a (Redness) b (Yellowness) Texture (g)

White bread

0% (control) 67.14 ± 0.77 e 1.56 ± 0.05 a 24.1 ± 0.1 b 0.09 ± 0.02 a

5% 54.02 ± 0.14 b,c 0.86 ± 0.02 a 27.4 ± 0.1 d 0.08 ± 0.01 a

10% 45.97 ± 0.29 a 1.31 ± 0.05 a 25.4 ± 0.2 c 0.13 ± 0.07 a

Brown bread

0% (control) 63.1 ± 0.6 d 3.02 ± 0.07 b 21.5 ± 0.3 a 0.09 ± 0.02 a

5% 55.8 ± 0.4 c 2.67 ± 0.19 b 24.9 ± 0.2 c 0.08 ± 0.02 a

10% 51.7 ± 2.0 b 2.79 ± 0.87 b 27.5 ± 0.2 d 0.08 ± 0.03 a

Different letters in columns show significant difference according to the Bonferroni test (p < 0.05).

The Bonferroni test indicated that there was no significant difference between both control bread
and bread containing 5% and 10% MOLPs. However, there was a significant decrease in the lightness
of bread with the addition of MOLP. White bread containing 10% MOLP had a darker colour in
comparison to brown bread containing 10% MOLP (Figure 2 and Table 2). There was no effect on the
texture of the bread samples with the addition of MOLP at different substitution levels.

3.2. The Effect of MOLP on the Nutritional Composition of White and Brown Breads

Table 3 presents the nutritional composition of white and brown breads containing MOLP.
The Tukey test indicated that the total mineral content in white bread significantly increased

when MOLP was added. There was a slightly significant increase in the total mineral content when
5% MOLP was added to brown bread, and there was a significant increase in brown bread with 10%
MOLP (p < 0.05). A significant increase in protein content was seen in white bread containing 5% and
10% MOLPs. Further, as the MOLP concentration increased in white bread, so too did the protein
content (p < 0.05). There was a slightly significant increase in the protein content when 5% MOLP
was added to brown bread, and there was a significant increase in brown bread with 10% MOLP
(p < 0.05). White bread containing MOLP has a higher protein content than brown bread containing
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MOLP. Addition of MOLP to a concentration of 10% in white bread and 5% in brown bread would
result in a significant increase in the iron contents of the two bread types, respectively.

Nutritional Composition of White and Brown Breads Compared to the Estimated Average Requirement

The nutritional composition of the bread was compared to the estimated average requirement
(EAR) for protein and iron for vulnerable population groups (children under five years and women
of childbearing age). The EAR value is one of the four dietary reference intake values and presents
the daily average nutrient intake for particular nutrients for specific gender and age groups [33].
In the current study, an estimated weight for a child aged 1–3 years was 13 kg, 4–5 years was 24 kg,
14–18 years was 55 kg and 19–50 years was 62 kg. A standard size of bread is 30 g. A child aged
1–3 years consumes 1

2 a slice of bread three times a day, a child 4–6 years consumes approximately
one slice of bread three times a day, a female aged 14–18 years consumes two slices of bread three
times a day and a female adult aged 19–50 years consumes three slices of bread three times a day.
Tables 4 and 5 present the percentage of the EAR for protein and iron, respectively, that would be met
from the consumption of estimated bread portions by the respective vulnerable population groups.

3.3. The Effect of MOLP on the Sensory Acceptability of White and Brown Breads

Fifty-four students and staff members from the UKZN agricultural campus were recruited to
participate in the study. Table 6 indicates the effect of MOLP on the overall acceptability of white and
brown breads, as indicated by the percentage distribution of the sensory evaluation scores.

Table 6 shows that as MOLP was increased in either white or brown bread at different substitution
levels (5% and 10%), the overall acceptability decreased. However, in terms of the addition of MOLP to
bread, there was a less negative effect when MOLP was added to brown bread at different substitution
levels in comparison to white bread. Table 7 indicates the effect of MOLP on taste, colour, aroma,
texture, appearance and overall acceptability of both white and brown breads.

The Tukey test indicated that there was a significant decrease in taste acceptability when MOLP
was added to both white and brown breads, respectively (p < 0.05). However, unlike white bread which
showed no significant difference in taste acceptability with the addition of either 5% or 10% MOLP,
there was a slightly significant decrease in taste acceptability when MOLP was increased from 5% to
10% in brown bread. In terms of taste acceptability, brown bread containing 5% MOLP has significantly
higher taste acceptability in comparison to white bread containing 5% MOLP (p < 0.05). The colour
acceptability significantly decreased when MOLP was added to white bread. There was no significant
effect when 5% MOLP was added to brown bread (p > 0.05). However, there was a significant decrease
in colour acceptability when 10% MOLP was added to brown bread. Brown bread containing 5%
MOLP had a significantly higher colour acceptability compared to white bread containing either 5% or
10% MOLP and brown bread containing 10% MOLP.

As MOLP was added to both white and brown breads, respectively, there was a significant
decrease in aroma acceptability (p < 0.05) and there was a slightly significant decrease when MOLP
was increased from 5% to 10% in both white and brown breads. The texture acceptability significantly
decreased when MOLP was added to white bread; however, there was no significant difference between
white bread containing 5% and 10% MOLPs. The appearance acceptability decreased when MOLP
was added to white and brown breads. Additionally, when MOLP was increased to 10%, there was a
further significant decrease in appearance acceptability seen for white bread. The overall acceptability
significantly decreased when MOLP was increased (p < 0.05)—this was especially seen for brown
bread. With this being said, brown bread containing 5% MOLP had a significantly higher overall
acceptability in comparison to the other MOLP-containing bread.
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4. Discussion

The bread samples became a darker colour when MOLP was included in the dough; this was
particularly prominent in white bread samples (Table 2, Figure 2). This was an expected result as
Moringa oleifera leaves are naturally a dark green colour due to the high chlorophyll content [22] and
are thus responsible for the undesirable colour change. The brown bread prepared in this study
became a darker colour but was not as noticeable as white bread, and this could be due to the fact that
brown bread is a darker colour to start with due to the chocolate colour of the bran [28], masking the
undesirable darker colour seen in white bread at the same concentration of MOLP. These results
were consistent with a study conducted by Bourekoua et al. (2018), which found that, as the MOLP
concentration increased, the lightness of bread crumb and crust decreased [25]. This dark colour
may negatively affect consumer acceptability of bread fortified with MOLP as consumers are more
accustomed to bread being a golden-brown colour. With this being said, more individuals are will
to try a product that they are familiar with if it was beneficial to their health, thus bread containing
MOLP may be acceptable despite being a darker colour. White bread is more commonly consumed
than brown bread, therefore another solution to this could be to use a lightening agent to mask the
dark colour [23], thus making the bread containing MOLP more acceptable. The use of lightening
agents was not investigated in this study. Brown bread containing 5% MOLP had a similar colour to
the control thus implies that fortifying with a concentration lower than 5% may result in lighter bread
with all the nutritional benefits.

Although MOLP has an undesirable physical attribute, as mentioned earlier, it has many nutritional
benefits. Table 3 indicates that the protein concentration increased when MOLP was added to white
and brown breads. White bread containing 10% MOLP had the highest protein content (15.5 g/100 g).
This was expected as Moringa leaves have a high protein content [34]. The study results were similar to
another study which found unfortified bread had the lowest protein content (8.5%) and bread fortified
with MOLP contained the highest protein content (13.5%) [24]. Similarly, other authors found that there
was a gradual increase in protein content as MOLP was added at different concentration levels [27].
Furthermore, said study had a higher protein content than the current study when 5% MOLP was
added to the bread (17.72%).

Table 4 shows results of assessing the potential contribution of MOLP-supplemented bread to the
EAR for protein for vulnerable population groups if the amount equivalent to the usual portion size of
standard was consumed. It was found that all bread samples containing MOLP would contribute to
meeting more than 50% of the EAR for protein for each of the vulnerable groups. Moreover, white bread
containing MOLP would contribute more to meeting the EAR for protein for all vulnerable population
groups. To fully meet the EAR for protein, a 1–3-year-old would need to consume three slices of
the MOLP-containing bread/day. A 4–5-year-old would need to consume 4.5 slices of white bread
containing MOLP/day or five slices of brown bread containing MOLP/day. The 14–18 year female
group would have to consume 9.5 slices of white bread containing 5% MOLP/day and nine slices of
white bread containing 10% MOLP/day and ten slices of brown bread containing MOLP/day. Lastly,
the 19–50 year female group would need to consume ten slices of bread containing 5% MOLP/daily and
9.5 slices of white bread containing 10% MOLP. In contrast, 10.5 slices of brown bread containing MOLP
would need to be consumed daily. The fact that MOLP increases the protein content is encouraging
as animal sources of protein are good but expensive and not affordable to many. The high protein
content found in bread containing MOLP could assist in reducing PEM. However, in order not to
promote a monotonous diet focused on MOLP bread, MOLP should be incorporated in other commonly
consumed food items that are also deficient in protein.

The iron concentration increased in white bread when 10% MOLP was added, and when 5%
MOLP was added to brown bread (Table 3). This was an expected result as MOLP generally contains a
high iron content. The iron values obtained in the current study agree with the results obtained from
previous studies, which showed an increase in iron content as MOLP was added [23,24,27].
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Analysis of the percentage contribution of MOLP-containing bread samples to the EAR value for
iron for each of the vulnerable population groups is presented in Table 5. It was found that consumption
of MOLP-containing bread, up to an amount equivalent of the usual portion size of standard bread,
would result in the achievement of more than 100% of the EAR value for iron for each of the vulnerable
groups. The iron intake, of each age group, that would result from consumption of MOLP-containing
bread, up to an amount equivalent to the usual portion size of standard bread, was also compared
with the Tolerable Upper Intake Level (UL). UL refers to the highest amount of a nutrient that should
be consumed from food without any adverse effects [33]. The results show that the iron intake of
1–5-year-old children would be way below the UL (40 mg/d) if they consumed MOLP-containing
bread up to an amount equivalent to the usual portion size of standard bread. For the 14–18 year and
19–50 year female groups, consumption of all MOLP-containing bread types (except for the brown
bread containing 10% MOLP), up to an amount equivalent to the usual portion size of standard bread,
would result in an iron intake below the UL value. It is noted that, even for the MOLP-containing
bread types that would result in an iron intake above the UL value, it is unlikely to be of health concern
because of the limited bioavailability of divalent metal minerals such as iron in plant-based foods.
Overall, the results suggest that bread containing MOLP could be a cheaper alternative to improve the
iron intake in vulnerable population groups.

Overall, consumer acceptability was higher in the control white and brown breads (0%) compared
with their respective bread samples containing MOLP (Tables 6 and 7). This could be lower due to the
bitter taste [7] and the fact that it causes the colour of the product to become darker. These results
concurred with other studies which found a decrease in overall acceptability with an increase in
MOLP [25,27]. There was no significant difference in the instrument texture values of the bread samples.
However, the texture acceptability of the bread samples decreased significantly in white bread with the
addition of MOLP (p < 0.05), whilst there was a marginal difference in the texture acceptability of the
control brown bread and bread samples containing MOLP. Thus, it appears that MOLP had a negative
effect on the texture of white bread, as perceived by the consumers. MOLP increases the hardness
of bread, which is likely due to its high fibre content, but the increase in hardness was perceived in
white bread and not in brown bread, probably due to the fact that brown bread already has a high
concentration of fibre compared to white bread.

The overall acceptability of brown bread containing 5% MOLP was higher than that of the white
bread containing 5% MOLP, indicating that brown bread would be more suitable for fortification using
MOLP compared to white bread. For consumers who prefer white bread to brown bread, the darkness
imparted to the white bread by MOLP, which was disliked by the consumers, could be resolved by
adding a lightening agent together with the MOLP to the white bread dough.

5. Conclusions

Protein-energy malnutrition and iron deficiency anaemia are public health concerns. A food-based
intervention such as fortification of bread with MOLP could improve the protein and iron contents of
bread. The results of the current study indicate that bread supplemented with about 5% MOLP could
be used to complement existing strategies for addressing malnutrition, especially PEM. However,
further research needs to be conducted in order to improve the physical attributes of bread containing
MOLP. Further research involving incorporating MOLP in other popular, but nutrient-deficient foods,
needs to be conducted to determine the most suitable foods for fortifying with MOLP.
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Abstract: Fresh pasta was formulated by replacing wheat semolina with 0, 5, 10, and 15 g/100 g (w/w)
of Moringa oleifera L. leaf powder (MOLP). The samples (i.e., M0, M5, M10, and M15 as a function
of the substitution level) were cooked by boiling. The changes in the phenolic bioaccessibility and
the in vitro starch digestibility were considered. On the cooked-to-optimum samples, by means
of ultra-high-performance liquid chromatography-quadrupole time-of-flight (UHPLC-QTOF) mass
spectrometry, 152 polyphenols were putatively annotated with the greatest content recorded for M15
pasta, being 2.19 mg/g dry matter (p < 0.05). Multivariate statistics showed that stigmastanol ferulate
(VIP score = 1.22) followed by isomeric forms of kaempferol (VIP scores = 1.19) and other phenolic
acids (i.e., schottenol/sitosterol ferulate and 24-methylcholestanol ferulate) were the most affected
compounds through the in vitro static digestion process. The inclusion of different levels of MOLP in
the recipe increased the slowly digestible starch fractions and decreased the rapidly digestible starch
fractions and the starch hydrolysis index of the cooked-to-optimum samples. The present results
showed that MOLP could be considered a promising ingredient in fresh pasta formulation.

Keywords: Moringa oleifera; phenolic bioaccessibility; starch digestion; slowly digestible starch;
resistant starch

1. Introduction

Nowadays, one of the most applied strategies to increase the nutritional properties of a certain
food and provide consumers with physiological functions is the incorporation of different functional
ingredients during formulation [1]. This strategy would be useful to extend health benefits to the
maximum number of consumers, contributing to the reduction of nutrient deficiencies, without
impairing the eating habits of the population [2]. In this context, durum wheat semolina pasta, a widely
consumed product, can be an excellent staple food for the addition of different bioactive compounds [3].
Indeed, pasta formulated with different sources of dietary fiber, proteins, omega-3 fatty acids, and/or
bioactive compounds has been produced [4,5]. In this framework, the use of Moringa oleifera L. leaf
powder (MOLP) in durum wheat semolina pasta formulation could be considered a promising strategy
aiming to improve the overall nutritional quality of this food product.

The Moringa oleifera L. plant is native to India and is cultivated worldwide for its characteristic
nutritional properties and for its variety of end-uses. Every part of the Moringa oleifera plant contains
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important nutrients and phytochemicals, such as vitamins, minerals, essential amino acids, bioactive
compounds, and dietary fiber [6]. The leaves of Moringa are considered a valuable source of distinctive
classes of polyphenols, including flavonoids, phenolic acids, and lignans [6,7]. Polyphenols have
been studied for their potential health-promoting properties, including their antioxidant capacity [8,9].
However, these benefits are not only related to the content of polyphenols in a certain food, but also to
their bioaccessibility, bioavailability, and bioefficacy in humans [10,11]. Therefore, MOLP polyphenols’
bioaccessibility studies seem to be essential for a first-step investigation on the potential health benefits
of this plant ingredient. However, no information is available on the changes in the phenolic profiles
following in vitro digestion (i.e., bioaccessibility) for MOLP-enriched cooked fresh pasta. Besides,
although the inclusion of MOLP has been reported to substantially improve the nutritional value of
cereal-based foods, by increasing both the protein and dietary fiber contents, none of the studies have
determined if the incorporation of MOLP could also contribute to modifying the starch digestibility, at
least in vitro, in real food systems (i.e., after cooking) [6].

Considering the growing interest in MOLP in food formulation [6], due to its nutrient composition
and the bioactive compound profile [7,12], in this work we produced durum wheat semolina fresh
pasta with different substitution levels of MOLP, being 0, 5, 10, and 15 g/100 g (w/w), respectively. The
MOLP substitution level up to 15 g/100 g (w/w) was selected considering that greater levels of MOLP in
the recipe could impair the food sensory as well as the technological properties [6].

To better explore the nutritional role of MOLP in fresh pasta production, the present study aimed
to evaluate the effect of increasing levels of MOLP in durum wheat semolina fresh pasta by focusing
on (i) the phenolic bioaccessibility and (ii) the in vitro starch digestion of cooked pasta.

2. Materials and Methods

2.1. Materials and Fresh Pasta Sample Preparation

Durum wheat semolina and dried MOLP were acquired in a local market. As reported on the
label, durum wheat semolina’s nutritional composition was as follows (g/100 g product): total starch:
70.8 g; total protein: 11.0 g; total fat: 1.8 g; total dietary fiber: 3.0 g. For the dried MOLP (g/100 g
product): total starch: 15.1 g; total sugars: 3.1 g; total protein: 29.9 g; total fat: 8.2 g; total dietary fiber:
30.7 g. The MOLP and durum wheat semolina had a particle size smaller than 0.2 mm.

Fresh durum wheat semolina pasta samples with 100% durum wheat semolina (control: M0) and
by replacing semolina with 5, 10, and 15 g/100 g MOLP (w/w), obtaining the M5, M10, and M15 pasta
samples were produced, respectively. The dough was made with the addition of 35% v/w of tap water
(37 ◦C) to the pure semolina or the blend semolina–MOLP by using a pasta machine (Mod. Lillodue,
Bottene, Italy). The mixing time was 15 min. The resulting dough was extruded through a bronze die
for a spaghetti shape (0.22 cm diameter, approximately 25.0 cm length). For each recipe, three pasta
production batches were produced on the same day.

2.2. Moisture Content, Water Activity and Pasta Cooking Properties

The moisture content of the fresh pasta samples was measured with the method 44-15A [13]. Water
activity (aw) was measured using a Hygropalm HC2-AW-meter (Rotronic Italia, Milano) at 23 ◦C. The
AOAC approved method 66-50 was applied for the optimum cooking time (OCT) determination [13].
In particular, samples were cooked in distilled boiling water (ratio of 1:10, w/v). At 30 seconds intervals,
spaghetti strands were picked from the boiling water and squeezed between 2 glass slides. The OCT
for each pasta sample, by definition, is the time for disappearing the white central core of the spaghetti
after being squeezed between 2 glass plates.

2.3. Cooking Process and Experimental Details

Prior to in vitro investigations, the spaghetti (5.0 g) were cooked in boiling water (1:10 w/v)
according to the individual OCT, drained up for 1 min, chopped with a manual meat mincer to
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simulate mastication, and analyzed “as eaten”. Three separate in vitro evaluations were conducted, as
detailed below.

2.3.1. In Vitro Static Digestion of Cooked Samples for the Evaluation of the Fate of Polyphenols

The protocol involved an oral, a gastric, and an intestinal stage as reported by Minekus et al. [14].
The cooked-to-optimum pasta samples (i.e., 5.0 g) were sequentially hydrolyzed at 37 ◦C through (i) an
oral phase, (5 mL of salivary fluid at pH = 7.0 plus human salivary α-amylase (A1031; Sigma-Aldrich;
Milan, Italy; 75 U/mL) for 2 min; (ii) a gastric phase (10 mL of a simulated gastric fluid at pH 3.0
plus pepsin (P7012; Sigma-Aldrich; 2.000 U/mL) for 120 min; and (iii) an intestinal phase (20 mL of
simulated intestinal fluid at pH = 7.0 plus pancreatin (P7545; Sigma-Aldrich; Milan, Italy; 100 U/mL)
and bile salts (B8631; Sigma-Aldrich; Milan, Italy; 10 mM) for a further 120 min. Appropriate amounts
of HCl (1 M) and NaOH (1 M) were added for the pH adjustment. Liquid aliquots were carefully
removed from each hydrolyzed sample after each hydrolysis phase and stored at −20 ◦C.

2.3.2. Nutritional Starch Fractions Determination

The rapidly digestible starch (RDS) and slowly digestible starch (SDS) were measured with
the method of Englyst et al. [15], with minor modifications as detailed by Simonato et al. [5]. The
RDS and SDS contents were calculated considering the glucose released after 20 min and 120 min
of incubation [15] by measuring the amount of glucose spectrophotometrically using a D-Glucose
assay kit (GOPOD, Megazyme, Wicklow, Ireland). The resistant starch (RS) was quantified by a
K-RSTAR assay kit (Megazyme, Wicklow, Ireland). The total starch content was calculated as the sum
of non-resistant starch and RS following the K-RSTAR assay kit’s instructions.

2.3.3. Starch Hydrolysis Index

The cooked-to-optimum spaghetti samples (100 mg) were dispersed in 4 mL of maleic buffer (pH 6),
containing an enzyme mixture composed of amyloglucosidase (AMG; 4 μL; 300 U/mL; Megazyme,
Wicklow, Ireland) and pancreaticα-amylase (40 mg; 3000 U/mg; Megazyme, Wicklow, Ireland). Samples
were incubated in a shaking water bath at 37 ◦C. At selected time intervals (i.e., 0, 30, 60, 120, and 180
min) the reaction was stopped by adding absolute ethanol. Samples were then centrifuged at 2500×
g for 10 min. The amount of glucose was quantified as previously detailed, after the correction for
glucose present in the AMG solution. Values were plotted on a graph vs. time, and the area under the
hydrolysis curve (AUHC; 0–180 min) was measured by using the trapezoid rule. A starch hydrolysis
index (HI) value was calculated as the AUHC with the product as a percentage of the corresponding
area with white wheat bread [16].

2.4. Extraction and Characterization of Untargeted Phenolic Profile by UHPLC-ESI/QTOF Mass Spectrometry

Three replicates (1.0 g) for each cooked-to-optimum pasta batch were extracted in 10 mL of a
methanol/water 80:20 (v/v) solution, by using a homogenizer-assisted extraction with an Ultra-Turrax
(Ika T25, Staufen, Germany; 5000× g; 3 min) [7]. The extracts were centrifuged (10,000× g; 10 min; 4 ◦C),
filtered (0.22 μm cellulose syringe filters), and collected [7]. The bound phenolic fraction was extracted
from the remaining solid residue [17]. After the alkaline hydrolysis (3 mL of 2 M sodium hydroxide;
1 h; room temperature), the pH was adjusted to 3 with 3 M citric acid and the bound phenolics were
extracted with 8 mL of ethyl acetate. After 15 min at 6500 rpm centrifugation, 4 mL of the supernatant
was dried under a nitrogen flow at 55 ◦C and the residue was dissolved in 1 mL of 1% formic acid in
80% methanol, vortexed, and centrifuged (10,000× g for 10 min). The resulting solution was filtered
(0.22 μm cellulose syringe filters) and 200 μL aliquot was transferred to amber vials for analysis.

The modifications in the polyphenol profile after subjecting the cooked samples through the
in vitro static digestion method (i.e., Section 2.3.1) were evaluated by ultra-high-performance liquid
chromatography-quadrupole time-of-flight (UHPLC-ESI/QTOF) mass spectrometry [7]. Liquid aliquots
collected after the oral, the gastric, and the pancreatic in vitro digestion phases were centrifuged
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at 7000× g for 10 min and then filtered (0.22 μm cellulose syringe filters). A mixture of water and
acetonitrile (VWR, Milan, Italy; both acidified with 0.1% formic acid) as a mobile phase and an Agilent
Zorbax Eclipse-plus C18 column (100 mm × 2.1 mm, 1.8 μm) were used. The gradient was from 6%
acetonitrile to 94% acetonitrile in 30 min and the flow rate was 0.220 mL/min. The mass spectrometer
worked in the positive scan mode (100–1200 m/z), injecting 6 μL and source conditions were: sheath
gas nitrogen 10 L min−1 at 350 ◦C; drying gas 10 L min−1 at 280 ◦C; nebulizer pressure 60 psig, nozzle
voltage 300 V, capillary voltage 3.5 kV. Three technical replicates were done for each pasta batch

The software Agilent Profinder B.06 was used to elaborate the raw features. Features were
aligned, and the monoisotopic accurate mass was combined with the isotopic profile for the
compounds’ annotation, thus reaching a level 2 of confidence in annotation (i.e., putatively annotated
compounds) [18]. The database Phenol-Explorer 3.6 was used. The mass accuracy tolerance was set to
5 ppm. Phenolic compounds passing the frequency of the detection thresholds (100% of replications
within at least one condition) were classified and then quantitative information was produced
using calibration curves (in the range 0.05–500 mg/L) from standard solutions of the single phenolic
compounds (purchased from Extrasynthese; Genay; France, purity >98%). Selected representative
compounds were as follows: cyanidin, quercetin, luteolin, catechin, tyrosol, and ferulic acid. Results
were expressed as mg phenolic equivalents/g dry matter (DM). The polyphenols’ bioaccessibility was
calculated [19]:

Bioaccessibility = (PCA/PCB) × 100

where PCA is the total phenolic subclass content in the samples (mg/g DM) collected after each
individual in vitro digestion incubation phase, and PCB is the total phenolic subclass (free plus bound
polyphenols) content in the cooked samples before the in vitro digestion.

2.5. Statistical Analysis

Analyses were run in triplicate on each batch and data were expressed as mean values ± standard
deviation. The data were evaluated using a one-way analysis of variance (ANOVA). Differences
among means were evaluated by Tukey’s HSD tests (p < 0.05). The statistical software was R project
(version 3.2.3, December 2015). Metabolomic data were pre-processed using the software Agilent
Mass Profiler Professional B.12.06 (Agilent Technologies, Santa Clara, CA, USA). Compounds were
aligned and filtered by abundance (peak area >5000 counts), normalized at the 75th percentile, and
baselined against the median [7]. The metabolomics-based dataset was then exported into SIMCA
13 (Umetrics, Malmo, Sweden) to produce a supervised orthogonal projection to latent structures
discriminant analysis (OPLS-DA) model. Hotelling’s T2 together with CV-ANOVA (p < 0.01) and
permutation testing were checked to cross-validate the model. Model parameters (i.e., R2Y and Q2Y)
were recorded. The variable selection method variable importance in projection (VIP) was used to
point out the phenolic compounds with the highest discrimination ability (VIP score >1) during the
in vitro digestion.

3. Results and Discussion

3.1. Moisture Content, Water Activity and Optimal Cooking Time of Samples

The moisture content and the aw values of the fresh pasta samples were on average 30.8 g water/100
g of fresh pasta and 0.96, respectively, and were not influenced by the inclusion of MOLP (p > 0.05; data
not reported). The gradual substitution of semolina flour with MOLP induced a progressive reduction
in the OCT, ranging from 5 min for the M0 to 2.5 min for the M15 pasta samples (i.e., 4 min and 3.5
min for M5 and M10, respectively). The progressive decrease in the OCT as a function of the MOLP
inclusion level could be due to the great presence of fiber (30.7 g/100 g product) in the MOLP along
with the reduction in the total starch content of the samples. For instance, fiber inclusion in wheat
pasta can affect the starch–gluten structure, allowing a faster cooking water entrance in the core of the
pasta and a resultant faster starch granule gelatinization, thus reducing the OCT [5,20].
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3.2. Free and Bound Phenolic Profiles of Cooked-To-Optimum Samples

On the cooked pasta samples, 152 phenolic compounds were putatively annotated, being 38
flavone equivalents (mainly flavones and flavanones), 30 flavonols, 4 flavan-3-ols, 27 anthocyanins,
36 phenolic acids, and 17 remaining compounds. A comprehensive list of each phenolic compound
annotated is provided in File S1, considering both the mass abundances and composite spectra.
The most abundant compounds detected were tetramethylscutellarein (a flavone), glycosidic and
isomeric forms of quercetin and kaempferol (belonging to flavonols), pyrogallol (a low molecular
weight phenolic, characterizing mainly the bound phenolic fraction), and malvidin 3-O-galactoside (an
anthocyanin).

Thereafter, the main phenolic classes characterizing the different cooked samples were targeted.
The results are reported in Figure 1, considering both the free (A) and the bound (B) phenolic contents.

Figure 1. Cumulative phenolic composition (as mg phenolic equivalents/g dry matter) in the cooked
pasta samples, considering the free (A) and bound (B) phenolic fractions. M0: 100% durum wheat
semolina fresh pasta. M5, M10, and M15 = Fresh pasta produced with 5, 10, and 15 g/100 g w/w Moringa
oleifera L. leaf powder, respectively.

Overall, the greatest (p < 0.05) total phenolic content (i.e., sum of the different phenolic classes) was
found in the M15 sample, being 2.19 mg/g DM, followed by the M10 (1.58 mg/g DM), M5 (1.24 mg/g)
and M0 pasta samples (0.78 mg/g DM), as a function of the increasing inclusion level of MOLP in the
formulation. Interestingly, the highest inclusion level of MOLP (i.e., 15% w/w) was also found to impact
the bound phenolic content of the cooked pasta samples (Figure 1B). When considering the specific
phenolic composition of the different cooked samples, it was evident that the most represented phenolic
classes (in terms of semi-quantitative contents) were low-molecular weight phenolic compounds
grouped as tyrosol equivalents (according to the Phenol-Explorer Database), followed by flavonoids
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(mainly flavonol and flavone equivalents) and phenolic acids. In addition, the highest increase of
polyphenols was observed in the M15 sample when considering the total flavonol equivalents; in
fact, this class of compounds moved from 0.19 mg/100 g DM for M0 to 35.73 mg/100 g DM for the
M15 sample.

Another phenolic class affecting the phenolic profile of the different cooked pasta samples was
tyrosol equivalents. These low-molecular weight phenolics were greater in MOLP-substituted spaghetti
when compared to M0. These differences may be related to the inherent phenolic profile of MOLP,
along with the specific inclusion level in each recipe. Moringa leaves have been reported as a great
source of polyphenols, such as flavonoids [7]. Likewise, an abundance of glycosidic forms of quercetin
and kaempferol equivalents (i.e., flavonols), followed by hydroxycinnamic/hydroxybenzoic acids
and low-molecular-weight phenolics (i.e., phlorin and protocatechuic aldehyde) has been previously
indicated [7]. In addition, previous studies reported that cooking by boiling can cause substantial
water-losses and/or oxidative degradation of several antioxidant components [21]. According to
the literature, whole cereal grains (such as wheat) are reported to be abundant in bound phenolic
compounds, such as phenolic acids (i.e., ferulic acid) and lignans. In fact, these compounds are
particularly concentrated in the external bran tissues [22]. However, in this work, we found that the
M0-cooked sample was characterized by a lower phenolic content, also when considering the bound
phenolic composition (Figure 1). Overall, the trends observed for the M0 sample could be explained
by considering the different variables such as (a) the milling process conditions, widely reported
as one of the major factors able to affect the phenolic profile of durum wheat semolina [23]; (b) the
cooking-by-boiling process used; and (c) the rupture of the plant cell structures as promoted by the
extraction method, based on a homogenizer-assisted extraction [7].

3.3. Changes of Phenolic Profiles during In Vitro Static Digestion

The cooked-to-optimum samples were hydrolyzed through a standardized static digestion method,
with the aim to describe the changes in the phenolic profile. In particular, 102 phenolic compounds
were found. Flavonoids were the most represented (56 compounds), followed by hydroxycinnamic
acids (24 compounds) and tyrosol equivalents. Overall, the phenolic compounds exhibited different
bioaccessibility behaviors, mainly imposed by the presence of different food components (e.g., dietary
fiber) in each pasta sample, in line with previous findings [8,10,21]. As can be observed in Table 1,
lower percentage bioaccessibility values were detected during the entire gastrointestinal process for
specific subclasses of compounds, namely anthocyanins, flavanols, and flavonols.

On the other hand, flavones, tyrosols, and phenolic acids had a moderate bioaccessibility during
the in vitro digestion process (mainly after 120 min of the pancreatic step). In fact, the higher percentage
bioaccessibility values were measured for the tyrosol equivalents in the M0 sample (i.e., 29.21%),
followed by flavones characterizing the M5 sample (i.e., 28.26%). However, a linear trend between
the polyphenols’ bioaccessibility and MOLP increasing levels in the recipe was not observed. The
similarities in percentage of bioaccessibility are expected because the polyphenol content was increased
but the in vitro digestive conditions were the same.

Recent studies showed that several bioactivities including antioxidant, antiproliferative,
immuneregulatory, hormonal regulation abilities, and neuro-/hepato-/cardioprotective effects can be
related to the consumption of phenolic-rich foods [21]. However, these health benefits are greatly
dependent on the bioaccessibility potential within the human digestive tract. Present findings
corroborated the fact that food components–polyphenols interactions should be considered when
studying the changes in the bioaccessibility values during the in vitro digestion in a real food system
(i.e., cooked matrix) [8]. Another important factor is the impact of the cooking process, that can modify
the bioaccessibility of several phenolic compounds [24,25]. Therefore, the relatively high-percentage
bioaccessibility values observed in the pancreatic phase for some phenolic classes (such as phenolic acids,
flavones, and tyrosol equivalents) are not surprising and could promote an antioxidant environment in
the digestive tract [26]. According to the literature [21,27], the detected bioaccessibility trends may be
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related to the simulated gastrointestinal digestion conditions used. These latter are not only responsible
to break down food matrices and thus release bound phenolic compounds but may also modify the
phenolic hydroxyl group (major functional group) of the released phenolics, thus leading to a decrease
or increase in the phenolic content in the digestion fluids. In addition, according to the phenolic profile
reported for wheat flour, we found a greater bioaccessibility of alkylphenols (quantified as tyrosol
equivalents) for the M0 sample during the intestinal step (File S1). In particular, greater percentage
bioaccessibility values were measured for three wheat compounds, namely 5-heneicosenylresorcinol,
5-heneicosylresorcinol, and 5-tricosenylresorcinol, which are widely reported as the most abundant
in wheat flour [28]. Present findings are difficult to compare with the literature, due to the lack of
similar works. To the best of our knowledge, only the work by Caicedo-Lopez and co-authors [12]
investigated the changes in the bioaccessibility, intestinal permeability, and antioxidant capacity of
the free-phenolic fraction of MOLP after an in vitro gastrointestinal digestion. The authors showed
that the greatest content of bioactive compounds was retained in the non-digestible fraction, with
higher bioaccessibility values recorded for some phenolics acids, morin, and kaempferol, in line with
our findings.

Table 1. Bioaccessibility values (expressed as % of phenolic equivalents) for the different phenolic
subclasses during the in vitro static digestion of the cooked-to-optimum pasta samples formulated with
different substitution levels of Moringa oleifera L. leaf powder (MOLP), considering the oral, gastric,
and pancreatic phases.

Phenolic
Subclasses

Pasta Samples
TPC Cooked Samples

(mg Eq./100 g)
% Bioaccessibility

Oral Gastric Pancreatic

Anthocyanins M0 0.87 ± 0.04 a 0.31 0.45 nd
M5 4.47 ± 0.22 b 0.14 0.13 0.07

M10 7.43 ± 0.36 c 0.17 0.19 0.37
M15 10.41 ± 0.50 d 0.22 0.20 0.27

Flavonols M0 0.19 ± 0.01 a nd nd nd
M5 14.74 ± 0.72 b 0.04 0.22 1.01

M10 26.06 ± 1.20 c 0.09 0.26 1.13
M15 35.73 ± 1.80 d 0.16 0.44 1.14

Flavones M0 15.19 ± 0.71 a 13.08 9.31 5.53
M5 26.59 ± 1.33 b 7.48 4.69 28.26

M10 36.70 ± 1.82 c 5.01 3.10 17.27
M15 50.28 ± 2.41 d 3.23 2.13 15.16

Flavan-3-ols M0 4.36 ± 0.18 14.45 nd nd
M5 5.20 ± 0.21 7.05 nd nd

M10 3.91 ± 0.12 5.52 nd nd
M15 4.01 ± 0.13 8.50 nd nd

Tyrosols M0 39.25 ± 1.90 a 1.92 1.89 29.21
M5 55.11 ± 2.71 b 1.41 1.93 13.80

M10 60.11 ± 2.98 b 1.30 1.73 8.32
M15 93.53 ± 4.65 c 0.87 1.17 3.01

Phenolic acids M0 17.96 ± 0.86 a 3.30 3.10 12.45
M5 17.95 ± 0.89 a 2.42 4.10 12.36

M10 23.50 ± 1.18 b 1.81 3.09 8.97
M15 24.86 ± 1.25 b 1.86 3.22 8.28

M0: wheat semolina fresh pasta. M5, M10, and M15: fresh pasta produced with 5, 10, and 15 g/100 g w/w MOLP,
respectively. nd = not detected. Within each subclass, means within a column with different superscript letters for
the total phenolic content (TPC) of the cooked samples differed at p < 0.05.
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Multivariate statistics based on OPLS-DA-supervised modelling was then applied to the
metabolomics-based dataset. The OPLS-DA score plot built considering each hydrolyzed cooked
sample is reported in Figure 2.

Figure 2. Orthogonal projections to latent structures discriminant analysis (OPLS-DA) score plot on
the cooked pasta samples’ phenolic profile after oral, gastric, and pancreatic phases of in vitro static
digestion. M0: wheat semolina fresh pasta. M5, M10, and M15: fresh pasta produced with 5, 10,
and 15 g/100 g w/w MOLP, respectively.

Most of the sample variability characterized the oral and the pancreatic phases of the in vitro
static digestion, whilst the gastric phase clustered together. The oral-digested M15 sample clustered
differently when compared with the others, likely due to the greater content of anthocyanins and
flavonol equivalents (i.e., 0.02 and 0.06 mg/100 g DM, respectively). Interestingly, the OPLS-DA
score plot confirmed a characteristic phenolic profile for the M0 spaghetti after the pancreatic phase,
likely due to its inherent phytochemical composition when compared with the MOLP-substituted
counterparts. The OPLS-DA score plot was also inspected for model accuracy parameters recording
the acceptable goodness of fit/prediction values (i.e., R2X = 0.92; R2Y = 0.66; Q2cum = 0.50). Finally, the
VIP method was used to rank those phenolic compounds most affected during the in vitro digestion. A
list containing these VIP markers is reported in File S1, together with the corresponding VIP score (i.e.,
their discrimination potential) and standard error. Overall, 41 compounds were detected, including
flavonoids (such as glycosidic forms of flavonols and flavones, followed by anthocyanins) and phenolic
acids (i.e., hydroxycinnamic acids). The highest VIP scores (i.e., representing those compounds most
affected by the in vitro static digestion process) were recorded for stigmastanol ferulate (1.23), isomeric
and glycosidic forms of kaempferol (1.19), and other flavones (such as luteolin 7-O-rutinoside, apigenin
6,8-di-C-glucoside, and chrysoeriol 7-O-apiosyl-glucoside). Interestingly, the VIP selection method
revealed the presence of several anthocyanins, including acetyl-glycosidic forms of peonidin, malvidin,
and petunidin. Regarding the other VIP markers discriminating the in vitro digestion process, we
found a good distribution of flavones. In this regard, luteolin (VIP score = 1.16) was clearly related to
the presence of MOLP in the recipe, being only detected in the M5, M10, and M15 samples (File S1).
Similar findings were obtained for quercetin (presenting a VIP score = 1.08), which was found to be
abundant in the MOLP-substituted samples during the pancreatic phase.

3.4. In Vitro Starch Digestion of Cooked Samples

The nutritional starch fraction contents, along with the HI of the cooked samples, are reported in
Table 2.
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Table 2. Starch fractions (g/100 g dry matter), total starch (g/100 g dry matter), and in vitro hydrolysis
index (HI) of the cooked-to-optimum pasta samples formulated with different substitution levels of
Moringa oleifera L. leaf powder (MOLP). Results are expressed as mean ± standard deviation (n = 3).

Substitution with MOLP

M0 M5 M10 M15

Rapidly digestible starch 44.3 ± 0.31 a 43.8 ± 0.79 a 38.1 ± 1.76 b 34.1 ± 3.49 b

Slowly digestible starch 16.8 ± 0.70 a 16.8 ± 0.67 a 18.1 ± 0.20 b 20.8 ± 0.67 c

Resistant starch 2.1 ± 0.26 a 1.4 ± 0.04 b 1.3 ± 0.01 c 1.1 ± 0.04 d

Total starch 63.1 ± 1.33 b 62.1 ± 1.77 b 57.7 ± 1.21 a 55.9 ± 1.44 a

HI 1 47.4 ± 1.05 a 45.4 ± 1.32 ab 43.9 ± 1.21 ab 41.8 ± 0.81 b

Values in the same row with different superscripts are significantly different (p < 0.05). M0: wheat semolina fresh
pasta. M5, M10, and M15: fresh pasta produced with 5, 10, and 15 g/100 g w/w MOLP, respectively. 1 Calculated
using commercial white wheat bread as a reference.

An increase in the SDS and a decrease in the RDS fractions were reported considering the gradual
substitution of durum wheat semolina with MOLP. The M10 and M15 cooked pasta samples exhibited
the lowest RDS value (i.e., 38.1 and 34.1 g/100 g DM; p < 0.05) along with the greatest SDS content
(i.e., 18.1 and 20.8 g/100 g DM; p < 0.05), when compared with the other samples. From a nutritional
standpoint, the RDS fraction was found to be responsible for a rapid increment in the blood glucose
levels in humans, while the SDS fraction, being characterized by slow digestion properties, can provide
a prolonged release of glucose over time [29]. The mechanism by which the MOLP addition affected
the nutritional starch fraction contents of the samples may depend on the interactions among the
major constituents (i.e., protein, starch, and fibre polysaccharides) and other minor compounds (i.e.,
certain classes of dietary polyphenols) [5,8,11,20]. It has been reported that the inclusion of fiber-rich
ingredients could modulate the in vitro starch digestion to a certain extent, by changing both the
physicochemical properties of the food system [5,30]. For instance, a reduction in the RDS fraction,
along with an increment in the SDS fraction exerted by the addition of olive pomace has been reported
in wheat-based spaghetti [5]. Lastly, the RS represents, by definition, a certain fraction of starch not
degraded in the human small intestine but fermented in the large intestine, with a series of physiological
benefits [31]. The RS content of the M0 pasta (i.e., 2.1 g/100 g DM) appeared in line with previous
findings for similar food products [32]. However, the RS content of the samples decreased with the
increasing inclusion level of MOLP in the recipe, with the lowest value recorded for M15 (i.e., 1.1 g/100
g DM; p < 0.05) (Table 2). A possible explanation is that the added MOLP could have contributed to
undermine the compact microstructure of wheat pasta, by allowing water and heat to more easily
penetrate the pasta during cooking, thus contributing to gelatinize the resistant starch granules present
in the core region of the pasta strand to a greater extent [20,33]. In addition, the RS fraction in durum
wheat pasta is mainly formed during the pasta extrusion at a high temperature and during the drying
process, which in our case was not made [34]. Lastly, the gradual substitution of wheat semolina with
MOLP decreased the total starch content of the samples (p < 0.05), probably due to a dilution effect of
starch exerted by the addition of MOLP, as a consequence of the individual chemical compositions of
the selected ingredients.

The starch HI can be used as a predictor of the in vivo glycemic response for a certain starch-based
food product [35]. In addition, from the HI values, it is possible to calculate the glycemic index
of starch-based foods by applying predictive equations [16]. As reported in Table 2, using white
wheat bread as a reference, the HI of the M0 pasta was 47.4. The substitution of a part of the durum
wheat semolina with increasing levels of MOLP decreased (p < 0.05) the HI of the cooked pasta,
the lowest values being recorded for M15 (i.e., 41.8; p < 0.05). The decrease in the HI values as a
function of the substitution level of MOLP in the recipe could be related to the decrease in the starch
content for the replacement of semolina with different quantities of MOLP, as also described in the
literature [5], or to the interplay of several factors related to the inherent chemical compositions of the
samples. In particular, MOLP contains greater amounts of dietary fiber (about 30.7 g/100 g) and protein
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(about 29.9 g/100 g) than durum wheat semolina. This may have contributed to entrap starch granules
into a non-starchy network with a limited enzyme accessibility [35,36]. Accordingly, cookies enriched
with increasing amounts of alfalfa seed (Medicago sativa L.) flour showed a reduction in the in vitro
starch digestibility compared with the control [37]. Furthermore, the specific phenolic composition
characterizing the MOLP-substituted cooked pasta samples (Figure 1; File S1) could have contributed
to modulate, at least in part, the in vitro starch digestion of the samples. In particular, certain classes of
phenolic compounds may have a role in modulating the in vitro starch digestion, via the inhibition
of the starch digestive enzymes (i.e., α-amylase and α-glucosidase enzymes) and/or through the
non-covalent interactions with starch on cooking, thus contributing to the formation of inclusion and
non-inclusion starch-complexes with a limited enzyme accessibility [11,38,39]. For instance, secondary
metabolites characterizing MOLP-substituted pasta (e.g., flavones, flavonols, and hydroxycinnamic
acids; File S1) have already been reported to inhibit both α-glucosidase and α-amylase during in vitro
activities [40–42].

4. Conclusions

Fresh pasta was formulated by replacing durum wheat semolina with 0, 5, 10, and 15 g/100 g
w/w of MOLP. After cooking and following an in vitro digestion process, the phenolic compounds
exhibited different bioaccessibility behaviors, with an increase in bioaccessibility observed for flavonols
characterizing the digested pasta sample formulated with the greatest inclusion level of MOLP in the
recipe. Multivariate statistics highlighted a general abundance of flavonoids and phenolic acids among
the discriminant markers. Additionally, the inclusion of MOLP in the pasta influenced the rate of
in vitro starch digestion in the cooked samples, showing an increase in the SDS fraction, and a decrease
in the RDS fraction and HI values. Taken together, the present findings support the fact that MOLP
may represent a valuable ingredient to produce a functional pasta. Future investigations considering
technological and sensorial aspects are needed to expand the knowledge on the effect of an MOLP
addition in fresh pasta formulation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/5/628/s1,
File S1: Metabolomics dataset containing polyphenols identified by UHPLC-QTOF mass spectrometry, together
with semi-quantitative values for each phenolic class and VIP markers following OPLS-DA multivariate model.
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Abstract: Historically cultivated in Apulia (Southern Italy), Apulian black chickpeas are rich in
bioactive compounds such as anthocyanins. This type of chickpea is being replaced by modern
cultivars and is at risk of genetic erosion; therefore, it is important to explore its potential for new food
applications. The aim of this work was to assess the effect of the addition of Apulian black chickpea
wholemeal flour on the nutritional and qualitative properties of durum wheat-based bakery products;
namely bread, “focaccia” (an Italian traditional bakery product similar to pizza), and pizza crust.
Composite meals were prepared by mixing Apulian black chickpea wholemeal flour with re-milled
semolina at 10:90, 20:80, 30:70, and 40:60. The rheological properties, evaluated by farinograph,
alveograph, and rheofermentograph, showed a progressive worsening of the bread-making attitude
when increasing amounts of chickpea flour were added. The end-products expanded less during
baking, and were harder and darker than the corresponding conventional products, as assessed both
instrumentally and by sensory analysis. However, these negative features were balanced by higher
contents of fibre, proteins, and bioactive compounds, as well as higher antioxidant activity.

Keywords: pulses; re-milled semolina; bread; pizza; focaccia; rheological properties; reofermentograph;
bioactive compounds; texture; sensory profile

1. Introduction

The chickpea (Cicer arietinum L.) plays an important role in a healthy and environmentally
sustainable diet. In fact, as with other pulses, the chickpea fixes atmospheric nitrogen, thus increasing
soil fertility [1]. This species is rich in proteins, and particularly if consumed in combination with
cereals to compensate for amino acid deficiencies, can help decrease the dietary intake of meat.

Chickpea is commonly classified in two main types: kabuli, characterized by large seeds with
beige coats, and desi, characterized by small and rough seeds with a black or brown coat [2]. However,
there is another type of chickpea, historically cultivated in Apulia (South of Italy), apparently similar
to desi because of its black coat, but different from the genetic point of view [3]. This Apulian black
type, which is being replaced by modern cultivars, and is therefore, at risk of genetic erosion [3], has
an interesting potential for further commercial development due to its high content of antioxidant
compounds, such as anthocyanins and carotenoids [4,5].

Both traditional and new food uses of pulses have been proposed in recent years [6]. Chickpea
flour has been used as an ingredient in the production of vegetable beverages [7], extruded snacks [8],
canned purée [9], pasta [10], and gluten-free bread [11]. Several attempts have been made to also use
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chickpea flour in conventional bread-making, rediscovering an ancient tradition of Albania and Turkey,
where chickpea bread was commonly prepared in the past [12]. The addition of 10–30% chickpea
wholemeal flour to common wheat flour was proposed, but a negative effect on bread quality in
terms of volume, internal structure, texture, and sensory acceptability was observed [13–15]. Blends
of different pulses (chickpeas, lentils, and beans, with chickpeas accounting for only 5% of the total
flour) was then proposed [16] for sourdough, the latter being helpful to reduce antinutrients such as
phytates. The use of dried chickpea sourdough in bread-making was studied, pointing out that 10%
was the optimal amount [17]. Together with the addition of 5–30% fermented chickpea flour, the use of
0.5–3% xanthan gum was found to improve the viscoelastic properties of dough [18]. Alternatively,
some improvers, such as ascorbic acid and sodium stearoyl-2-lactylate, were helpful when using
25–35% chickpea flour in combination with wheat wholemeal flour [19]. In this frame, however, only
one study proposed to enrich durum wheat re-milled semolina with flour of pulses, namely yellow
pea, for preparing bread [20], and no research was made to employ chickpea flour in durum wheat
bread-making. Moreover, no study considered the use of pigmented chickpeas.

Durum wheat (Triticum turgidum var. durum) is largely used in the production of pasta and cous
cous, and is characterized by tenacious gluten and by the presence of carotenoid pigments. The latter
are important from the nutritional point of view due to provitamin A activity, and confer the typical
yellowish colour to the end-products, much appreciated by consumers. In the Mediterranean area,
part of durum wheat production is used to prepare traditional bread and other bakery products, with
a typically dense crumb [21]. In particular, durum wheat re-milled semolina has to be used, which
has a particle size similar to that of bread wheat flour (i.e., smaller than that of semolina used for
pasta-making) [22], ensuring high hydration rate.

Pizza, originated in Italy, has become a popular food worldwide. The demand of pizza has
continued to grow in recent decades, so that food industrial companies have shown growing interest
in its production [23]. Pizza is usually prepared with bread wheat flour, but other types of flour have
been proposed in the recent years, including durum wheat re-milled semolina [24]. Pizza crust is a
convenient food that can be seasoned at home.

“Focaccia” is another Italian traditional bakery product, widely consumed as street food, similar
to pizza but containing higher amounts of oil [25]. It may be defined as a leavened greasy flat bread
varyingly seasoned, the most typical topping being cherry tomatoes and olives, accompanied by the
rosemary and the potato and onion variants. Additionally, in the preparation of focaccia, the use of
durum wheat re-milled semolina is quite common [25].

To the best of our knowledge, no papers have considered the enrichment of durum wheat bread,
pizza, and focaccia with black chickpea flour. The aim of this work was, therefore, to assess the effect
of the addition of Apulian black chickpea flour on the nutritional and qualitative properties of durum
wheat based bakery products; namely, bread, focaccia, and pizza crust. In particular, a wholemeal
flour of chickpeas was used, for accomplishing the current dietary guidelines that highlight the need
of increasing fibre intake.

2. Materials and Methods

2.1. Materials

Apulian black chickpeas (C. arietinum L.) were supplied by CerealPuglia s.r.l. (Altamura, Italy).
Durum wheat (T. turgidum var. durum) re-milled semolina was supplied by the milling company
Industria Molitoria Mininni s.r.l. (Altamura, Italy). Extra virgin olive oil was supplied by Agridè
(Bitonto, Italy). Kastalia stabilized liquid yeast, composed of Saccharomyces cerevisiae, salt, and xanthan
gum as its stabilizer, and having fermentative power >120 mL CO2 at 20 ◦C and 1 atm, was provided
by Lesaffre Italia (Trecasali, Parma, Italy).
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2.2. Preparation of the Composite Flours

Apulian black chickpeas were ground at the Food Science laboratory of the University of Bari using
a laboratory-scale mill (ETA, Vercella Giuseppe, Mercenasco, Italy) equipped with a sieve of 0.6 mm,
to obtain wholemeal flour. Durum wheat re-milled semolina was then used to prepare composite
meals containing 10, 20, 30, and 40/100 g of Apulian black chickpea wholemeal flour.

2.3. Formulation of the Bakery Products

Three types of bakery products, namely bread, focaccia, and pizza crust were produced using a
composite meal made of re-milled semolina (60/100 g) and Apulian black chickpea wholemeal flour
(40/100 g). For each product, a control made of pure re-milled semolina was prepared. The formulation,
reported in Table 1, was the same for the three types of products, except for the amount of oil, which was
not used for preparing bread according to the traditional formulation of Italian durum wheat bread [21].
The quantity of water was added to flour in quantities sufficient to reach a dough consistency of
500 BU, assessed by preliminary farinograph analyses (Brabender instrument, Duisburg, Germany).
The preparation of the experimental bakery products was carried out at the bakery laboratory “Buéne”
of the Industria Molitoria Mininni s.r.l. (Altamura, Italy).

Table 1. Formulation of bread, focaccia, and pizza crust, given for 100 g of flour. DW = product
prepared by using durum wheat re-milled semolina; BC = product prepared by using a composite
meal containing 60/100 g of durum wheat re-milled semolina and 40/100 g of Apulian black chickpea
wholemeal flour.

Product Type

Ingredient

Durum Wheat
Re-milled Semolina

(g)

Apulian Black Chickpea
Wholemeal Flour

(g)

Water
(g)

Extra Virgin
Olive Oil

(g)

Salt
(g)

Yeast
(g)

Bread (BC) 60 40 67 - 2 1
Bread (DW) 100 - 62 - 2 1

Focaccia (BC) 60 40 67 20 1 2 1
Focaccia (DW) 100 - 62 20 1 2 1

Pizza crust (BC) 60 40 67 10 2 1
Pizza crust (DW) 100 - 62 10 2 1

1 This amount is the sum of 10 g in the dough and 10 g used to oil the pans.

2.4. Preparation of Bread

Flour, water, and yeast were kneaded for 6 min by a spiral mixer (Mecnosud, Flumeri, Italy).
Then, salt was added and kneading was continued for other 6 min. The formulation was as in Table 1.
The homogeneous dough obtained was left to rise for 1.5 h at 35 ◦C, RH = 20% (Electric oven-leavening
combo EKL 1264 TCR, Tecnoeka S.r.l., Borgoricco, Italy), then was divided into 110 g portions manually
shaped at 14 cm length, 6 cm width, and 0.5 cm thickness (“ciabatta” bread type), and left to rise again
for 30 min at 35 ◦C, RH = 20% (EKL 1264 proofer, Tecnoeka S.r.l., Borgoricco, Italy). Bread was finally
baked at 220 ◦C for 20 min in an electric oven (Smeg SI 850 RA-5 oven, Smeg S.p.A., Guastalla, Italy).

2.5. Preparation of Focaccia

Flour, water, and yeast were kneaded for 6 min by a spiral mixer (Mecnosud, Flumeri, Italy).
Then, salt and oil were added and kneading was continued for other 6 min. The formulation was as
in Table 1. The homogeneous dough obtained was left to rise for 1 h and 15 min at 35 ◦C, RH = 20%
(EKL 1264 proofer, Tecnoeka S.r.l., Borgoricco, Italy), then was divided into 110 g portions of spherical
shape, which were manually flattened at 1.5 cm thickness and about 13 cm diameter, put in disposable
aluminum pans, previously oiled with other 10 g of extra virgin olive oil, and left to rise again for
1 h and 15 min at 35 ◦C, RH = 20% (EKL 1264 proofer, Tecnoeka S.r.l., Borgoricco, Italy). Focaccia
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was finally baked at 220 ◦C for 15 min in an electric oven (Smeg SI 850 RA-5 oven, Smeg S.p.A.,
Guastalla, Italy).

2.6. Preparation of Pizza Crust

Flour, water, and yeast were kneaded for 6 min by a spiral mixer (Mecnosud, Flumeri, Italy). Then,
salt and oil were added and kneading was continued for other 6 min. The formulation was as in Table 1.
The homogeneous dough obtained was divided into 220 g portions of spherical shape which were
left to rise for 1 h and 45 min at 35 ◦C, RH = 20% (EKL 1264 proofer, Tecnoeka S.r.l., Borgoricco, Italy).
Subsequently, the dough portions were manually flattened to the thickness of 0.5 cm and diameter of
about 28 cm and were immediately baked at 380 ◦C for 3 min in an electric oven for pizza, equipped
with a refractory cooking stone (G3 pizza oven, Ferrari, Rimini, Italy).

2.7. Chemical Analyses

Protein (N × 5.7), ash, and moisture contents were determined according to the American
Association of Cereal Chemists (AACC) methods 46-11.02, 44–19, and 08–01, respectively [26]. Fat
was extracted and determined by Soxhlet apparatus using diethyl ether as solvent. Total dietary
fibre was determined by the enzymatic-gravimetric procedure [27]. Carbohydrates were calculated
by difference: 100 − (moisture + proteins + lipids + fibre + ash). Energy value (kJ) was calculated
by Atwater general conversion factors, by considering the contribution of 8 kJ/g from total dietary
fibre also, in accordance with the Annex XIV of the Regulation (EC) number 1169/2011 [28]. Total
anthocyanins, total phenolic compounds and antioxidant activity by DPPH method were determined
as in [29]. The antioxidant activity by ABTS method was assessed as in [30]. Total carotenoid pigments
were determined according to AACC method 14–50.01 [26]. All analyses were carried out in triplicate.

2.8. Determination of the Rheological Properties and Fermentative Attitude of Flours and Composite Meals

The farinograph indices were determined according to the AACC 54–21 method [26] by a
farinograph (Brabender instrument, Duisburg, Germany), equipped with the software Farinograph
(Brabender instrument, Duisburg, Germany). Alveograph trials were performed according to the
AACC method 54–30A [24] using an alveoconsistograph, equipped with the software Alveolink NG
(Tripette et Renaud, Villeneuve-la-Garenne, France). The α-amylase activity was determined by using
the Falling Number 1500 apparatus (Perten Instruments AB, Huddinge, Sweden), according to the
ISO 3093:2009 method [31]. Rheofermentometer analysis (F3 rheofermentometer, Tripette et Renaud,
Chopin Technologies, Villeneuve-la-Garenne, France) was carried out according to the AACC 89-01
method [26] at 28.5 ◦C for 3 h, with a 2000 g weight. All analyses were carried out in triplicate.

2.9. Physical Determinations of Bakery Products

Texture profile analysis (TPA) was performed on bread and focaccia. Pizza crust was not analyzed
due to its very low thickness (0.7–1.0 cm). A Z1.0 TN texture analyzer (Zwick Roell, Ulm, Germany) was
used, equipped with a stainless steel square probe (4 cm side) and a 50 N load cell. Data were acquired
by means of the TestXPertII version 3.41 software (Zwick Roell, Ulm, Germany). Two centimeter thick
slices (3.5 cm × 3.5 cm) were prepared and analyzed. The TPA conditions in the cyclic compression test
were: 1 mm/s probe compression rate; 40% sample deformation in both the compressions; and a 5 s
pause before second compression. The analyses were carried out in triplicate.

The color indices L*, a*, and b* were measured by using a Chromameter CM-600d (Konica Minolta,
Tokyo, Japan). The brown index was calculated as 100 − L*. Five replicated analyses were made.

The respective diameter (D), length (L), width (W), and thickness (T) values of bread, focaccia, and
pizza crust before and after baking were determined by a caliper and used to calculate the percentage
variation due to baking as follows:

% of variation of D (or L, W, T) = [D (or L, W, T) after baking − D (or L, W, T) before baking]/D
(or L, W, T) before baking × 100. The analyses were carried out in triplicate.
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2.10. Sensory Analysis

Quantitative descriptive analysis (QDA) of bread, focaccia, and pizza crust respectively, was
performed by a sensory panel consisting of 8 trained members, as described in [32]. The sensory
panelists (4 males; 4 females; age range 35 to 52) were recruited based on their previous experience
in the sensory evaluation of cereal-based foods among technicians and researchers of the laboratory
of the Food Science and Technology unit of the Department of Plant, Soil, and Food Sciences of the
University of Bari, Italy. All panel members had neither food allergies nor intolerances and were regular
consumers of bread, baked goods, and chickpeas. Pre-test sessions were carried out: (i) to define the
list of descriptors to be evaluated in the samples object of the study; (ii) to define the intensity range of
each descriptor; (iii) to fix the scale anchors of each descriptor; (iv) to verify reliability, consistency, and
discriminating ability of panelists when testing bread, focaccia, and pizza crust. The study protocol
followed the ethical guidelines of the laboratory. Panelists were given information about study aims,
and individually written informed consent was obtained from each participant. All tested samples
were food-grade. A total number of 11 sensory descriptors of appearance, smell, texture, and taste
were considered. Seven of them, i.e. external color, chickpea odor, crumb elasticity, crumb consistency,
crumb moisture, saltiness, and sweetness were evaluated for all three products; namely bread, focaccia,
and pizza crust. Another two descriptors, inner color and crumb porosity, were evaluated only in
bread and focaccia due to difficulties in separating the crumb from the surface related to the reduced
thickness of pizza crust. Greasiness was evaluated only in focaccia, which contained more oil than
the other products, whereas the presence of surface bubbles was evaluated only in pizza crust, where
it represents a typical feature. The descriptors were rated on an anchored line scale that provided a
0–9 score range (0 =minimum and 9 =maximum intensity). The analyses were carried out in triplicate.

2.11. Statistical Analysis

Statistical analysis was carried out using XLSTAT software (Addinsoft SARL, New York, NY,
USA). Significant differences were determined at p < 0.05 by one-way analysis of variance (ANOVA)
followed by Tukey’s HSD test.

3. Results and Discussion

3.1. Nutritional Characteristics of the Starting Flours

Apulian black chickpea wholemeal flour showed a significantly higher (p < 0.05) content of proteins,
lipids, and fibre than re-milled semolina (Table 2). The protein content of chickpea flour was slightly
higher than those observed in previous works [4,5], whereas the value observed in re-milled semolina
agreed with previous quality surveys [22,33]. The fibre content of chickpea flour was within the range
observed in other studies [4,5].

The two types of flour exhibited a similar content of phenolic compounds. However, black
chickpea flour was characterized by a significantly (p < 0.05) higher content of anthocyanins and
carotenoids than re-milled semolina. Consequently, the antioxidant activity was also stronger.

These positive features of Apulian black chickpea flour confirmed the results of previous studies [4,5].
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Table 2. Nutritional characteristics, bioactive compounds, and antioxidant activities of flours used
in the production of experimental bread, pizza crust, and focaccia (values are expressed on fresh
weight bases).

Parameter
Durum Wheat

Re-milled Semolina
Apulian Black Chickpea

Wholemeal Flour

Moisture (g/100 g) 14.7 ± 0.1 a 9.3 ± 0.2 b

Carbohydrates (g/100 g) 68.5 ± 1.9 a 47.4 ± 1.3 b

Proteins (g/100 g) 12.3 ± 0.1 b 21.4 ± 0.4 a

Lipids (g/100 g) 1.5 ± 0.1 b 4.3 ± 0.3 a

Fibre (g/100 g) 2.1 ± 0.3 b 14.9 ± 1.6 a

Ash (g/100 g) 0.88 ± 0.01 b 2.70 ± 0.01 a

Total anthocyanins (mg/kg cyanidin 3-O-glucoside) n.d. 1 69.5 ± 2.6
Total carotenoids (mg/kg β-carotene) 5.75 ± 0.11 b 32.7 ± 2.4 a

Total phenolic compounds (mg/g ferulic acid) 0.97 ± 0.03 a 1.07 ± 0.05 a
Antioxidant activity-ABTS method (μmol Trolox/g) 0.86 ± 0.04 b 1.89 ± 0.07 a

Antioxidant activity-DPPH method (μmol Trolox/g) 2.25 ± 0.29 b 4.04 ± 0.01 a

1 n.d. = not detected. Different letters in a row indicate significant differences (p < 0.05).

3.2. Rheological and Fermentative Characteristics of Flours and Composite Meals

Composite meals were prepared by mixing Apulian black chickpea wholemeal flour with re-milled
semolina at 10:90, 20:80, 30:70, and 40:60. The rheological properties of the obtained blends were then
evaluated by farinograph, alveograph, and rheofermentograph, in order to assess the suitability to the
production of fermented bakery products.

The farinograph parameters measured in pure re-milled semolina agreed with previous works [22].
The addition of black chickpea flour significantly (p < 0.05) influenced all farinograph parameters
(Table 3). In particular, water absorption, dough development time, and loss of consistency progressively
increased, whereas the dough stability decreased. The increase of water absorption was due to the
presence of fibre in chickpea wholemeal flour, able to absorb high amounts of water. The dilution of
gluten, chickpea flour being gluten free, and the presence of fibre able to interfer with a gluten network,
were responsible for the decrease of dough stability, the increase of time needed to develop gluten, and
the increase of consistency loss. These results highlight that the addition of chickpea flour worsened
the bread-making attitude of wheat flour, with a more evident effect at higher doses. Similar negative
effects on farinograph were reported when re-milled semolina was added of other fibre-rich ingredients,
such as powdered almond skins [34], or yellow pea wholemeal flour [20]. Moreover, the same effects
have been reported for blends of chickpea wholemeal flour with bread wheat flour [14,15] or with
semolina for pasta-making [10], evidencing that the bread-making attitude of any gluten-containing
flour is depressed by the addition of chickpea flour.

As for the alveograph strength (W), it progressively decreased by the addition of increasing
amounts of chickpea flour (Table 3). Moreover, that result was imputable to the increasing content of
fibre, contributed by chickpea wholemeal flour, and to gluten’s dilution. The values of the alveograph
tenacity/extensibility ratio (P/L) ratio, instead, remained almost constant after the addition of chickpea
flour. The value of P/L observed for pure re-milled semolina was in the range observed in previous
works, whereas W was particularly high, indicating a very good quality level [22].

The fermentative attitude of flour blends was evaluated by measuring the falling number, related
to the amylase activity, and by performing the rheofermentograph analysis. The values of falling
number showed a significant difference (p < 0.05) only when comparing pure re-milled semolina (with
the highest amylase activity) to the composite flour containing the highest chickpea amount (with the
lowest amylase activity) (Table 4). The decrease of amylase activity with the addition of 40/100 g of
chickpea flour reflected the presence of α-amylase inhibitors, reported in chickpeas and in several
other pulses [35]. These inhibitors are slightly more active in desi than in kabuli chickpea cultivars [36],
but can be inactivated by heat treatment [35].
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Table 3. Farinograph and alveograph data of pure durum wheat re-milled semolina and of blends with
increasing amounts of Apulian black chickpea wholemeal flour.

Parameter
Amount of Black Chickpea Flour (g/100 g)

0 10 20 30 40

Farinograph

Water absorption at 500 B.U. 1 (g/100 g) 61.8 ± 0.1 e 63.2 ± 0.1 d 64.8 ± 0.1 c 66.3 ± 0.1 b 67.2 ± 0.2 a

Development time (min) 2.0 ± 0.3 d 2.1 ± 0.3 d 4.1 ± 0.3 c 4.9 ± 0.2 b 5.7 ± 0.1 a

Dough stability (min) 8.5 ± 0.5 a 6.6 ± 0.6 b 5.7 ± 0.2 c 3.6 ± 0.2 d 2.6 ± 0.3 e

Loss of consistency at 12 min (B.U.) 49.7 ± 3.2 d 66.3 ± 5.1 c 76.1 ± 3.1 b 83.3 ± 3.8 ab 86.3 ± 1.5 a

Alveograph

W (10−4 J) 282 ± 4 a 211 ± 12 b 150 ± 10 c 108 ± 7 d 97 ± 11 e

P/L 2.7 ± 0.1 a 2.6 ± 0.3 a 2.6 ± 0.1 a 2.9 ± 0.3 a 3.0 ± 0.3 a

1 B.U. = Brabender units. Different letters in a row indicate significant differences (p < 0.05).

Table 4. The fermentative attitude of pure durum wheat re-milled semolina and of blends with
increasing amounts of Apulian black chickpea wholemeal flour.

Parameter
Amount of Black Chickpea Flour (g/100 g)

0 10 20 30 40

Amylase activity

Falling Number (s) 532 ± 8 b 537 ± 6 ab 541 ± 6 ab 539 ± 3 ab 549 ± 5 a

Rheofermentograph – Curve of gas
production and retention

Volume of gas produced (VT) (mL) 2098 ± 8 a 2077 ± 7 b 2037 ± 3 c 1994 ± 4 d 1972 ± 8 d

Volume of gas retained (VR) (mL) 1419 ± 11 a 1388 ± 13 b 1325 ± 15 c 1302 ± 21 c 1266 ± 6 d

Volume of gas lost (VL) (mL) 679 ± 8 b 689 ± 6 b 712 ± 11 a 692 ± 14 ab 706 ± 8 a

Coefficient of gas retention (VR/VT) (%) 68 ± 1 a 67 ± 1 ab 65 ± 1 bc 64 ± 1 c 64 ± 1 c

Maximum height of gas
production curve (H’m) (mm) 84 ± 1 a 82 ± 1 ab 81 ± 1 b 74 ± 1 c 73 ± 1 c

Time needed to start
losing gas (Tx) (min) 59 ± 2 a 57 ± 4 ab 56 ± 2 ab 53 ± 2 b 48 ± 2 c

Rheofermentograph – Curve of
dough development

Maximum dough height (Hm) (mm) 49 ± 2 a 44 ± 1 b 41 ± 1 c 35 ± 1 d 23 ± 1 e

Dough height after 3 h (h) (mm) 43 ± 2 a 38 ± 1 b 33 ± 1 c 28 ± 1 d 15 ± 1 e

Different letters in a row indicate significant differences (p < 0.05).

Rheofermentograph data of pure re-milled semolina agreed with other works [37]. Increasing
amounts of chickpea flour significantly reduced (p < 0.05) the amount of gas produced (VT) during the
rheofermentograph analysis, in agreement with the decrease of amylase activity. Moreover, a greater
amount of gas was lost by the dough (VL) when composite meals were analyzed. Consequently, a
progressively lower quantity of gas was retained (VR) as the addition of chickpea flour increased,
reflecting in a significantly lower coefficient of gas retention. Besides, the loss of gas appeared sooner
(Tx) in chickpea-added dough than in case of pure re-milled semolina.

The volumetric increase of leavened bakery products depends on both the amount of CO2

developed and the rheological properties of dough, in terms of quality and strength of the gluten
network, which allows one to effectively retain the gas developed during fermentation. Therefore,
these results were due to the diminished fermentative attitude of chickpea-added dough, as shown
by the lower amylase activity, and to its weaker gluten network, evidenced by the alveograph and
farinograph analyses.
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As for the dough development curve, its maximum height (Hm), as well as the height after
3 h (h), decreased significantly with the increase of chickpea wholemeal flour added, indicating a lower
inflation of the dough.

Overall, the bread-making attitude of re-milled semolina worsened by increasing the level of
enrichment with black chickpea wholemeal flour. However, studies showed that consumer behavior
is changing, driven by awareness of the relationship between nutrition and health. Consequently,
whole and fibre-enriched bakery products are accepted better than in the past, despite the lower
quality characteristics, particularly if information on the high fibre content is shown on the label [38].
Therefore, the search for the best rheological parameters should no longer be the exclusive criterion for
selecting the optimal level of enrichment.

By calculating the theoretical fibre content of the end-products, it was found that the addition
of 40/100 g black chickpea wholemeal flour would make it possible to claim the “fibre source” on
the label, which requires a content of at least 3 g of fibre per 100 g of product [39]. Lower levels of
addition would not reach the conditions for the inclusion of this statement in the label. Considering
that information about the presence of fibre influences the acceptance of the modern consumer, leading
to a positive perception of unconventional bakery products, the latter were prepared using composite
flours of durum wheat re-milled semolina added with 40/100 g of black chickpea wholemeal flour.

3.3. Nutritional and Qualitative Properties of the Bakery Products

Table 5 reports the nutritional features of the experimental bakery products (analytically
determined data, not calculated). Bread, focaccia, and pizza crust enriched with black chickpea
flour showed significantly (p < 0.05) higher contents of proteins, lipids, ash, and fibre than conventional
products, whereas carbohydrates were significantly lower (Table 5). The slight increase in lipids was
coupled to higher fibre content; therefore, the energy value of the enriched products was similar to that
of the conventional products.

Table 5. Nutritional features (values per 100 g, expressed on fresh weight basis) of conventional durum
wheat bread, focaccia, and pizza crust and of their black chickpea-enriched versions. DW = product
prepared by using durum wheat re-milled semolina; BC = product prepared by using a composite
meal containing 60/100 g of durum wheat re-milled semolina and 40/100 g of Apulian black chickpea
wholemeal flour.

Parameter
Bread Focaccia Pizza Crust

DW BC DW BC DW BC

Carbohydrates (g) 50.9 ± 2.3 a 44.1 ± 3.1 b 49.1 ± 1.8 a 41.7 ± 2.2 b 52.6 ± 2.6 a 46.2 ± 2.1 b

Proteins (g) 8.5 ± 0.1 b 9.9 ± 0.1 a 7.7 ± 0.1 b 10.3 ± 0.1 a 8.4 ± 0.1 b 10.5 ± 0.1 a

Lipids (g) 0.5 ± 0.1 b 1.3 ± 0.1 a 5.1 ± 0.1 b 5.8 ± 0.2 a 1.9 ± 0.1 b 2.2 ± 0.1 a

Fibre (g) 1.3 ± 0.1 b 5.2 ± 0.3 a 0.9 ± 0.1 b 3.6 ± 0.2 a 1.2 ± 0.1 b 4.6 ± 0.2 a

Ash (g) 1.8 ± 0.1 b 2.1 ± 0.1 a 2.1 ± 0.1 b 2.7 ± 0.1 a 1.8 ± 0.1 b 2.2 ± 0.1 a

Energy value (kJ) 1039 ± 15 a 1008 ± 15 a 1161 ± 19 a 1126 ± 16 a 1117 ± 21 a 1081 ± 16 a

Different letters in a row, for the same bakery product, indicate significant differences (p < 0.05).

The addition of black chickpea flour determined a significant increase (p < 0.05) of the content
of anthocyanins and phenolic compounds in all three baked goods considered (Table 6). However,
a marked reduction was observed with respect to the starting flour (reported in Table 2). The decrease
of bioactives during thermal processing of Apulian black chickpeas was also reported during the
preparation of canned sterilized puré [9]. The antioxidant activity, particularly when measured with
the ABTS method, was significantly higher in chickpea-enriched bakery products than in durum wheat
ones, reflecting the contents of bioactive compounds, specifically anthocyanins and carotenoids.

The variations in the dimensional parameters of bakery products induced by cooking, and their
weight loss, are shown in Table 7. Usually, baking involves an increase in volume determined by the
thermal expansion of the gases (air trapped during mixing and kneading, water vapor evaporated by the
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dough, and carbon dioxide originated by leavening). An increase in thickness, indeed, was observed,
but without significant differences between conventional durum wheat and chickpea-enriched products.
On the other hand, the diameter of circular products, i.e. focaccia and pizza crust, as well as length and
width of bread, which had a rectangular shape, decreased with baking. The decrease was significantly
more marked (p < 0.05) in chickpea-enriched products than in conventional durum wheat products.
In bread, the conventional product had an opposite behavior showing an increase of width and
maintaining its length almost constant.

Table 6. The bioactive compounds and antioxidant activity of conventional durum wheat bread,
focaccia, and pizza crust and of their black, chickpea-enriched versions. DW = product prepared by
using durum wheat re-milled semolina; BC = product prepared by using a composite meal containing
60/100 g of durum wheat re-milled semolina and 40/100 g of Apulian black chickpea wholemeal flour.

Parameter
Bread Focaccia Pizza Crust

DW BC DW BC DW BC

Total anthocyanins 1 n.d. 5 7.51 ± 1.47 n.d. 3.49 ± 0.10 n.d. 4.37 ± 0.03
Total carotenoids 2 2.69 ± 0.02 b 4.57 ± 0.45 a 2.77 ± 0.01 b 5.21 ± 0.15 a 2.68 ± 0.02 b 5.23 ± 0.16 a

Total phenolic compounds 3 0.06 ± 0.01 b 0.09 ± 0.01 a 0.04 ± 0.01 b 0.12 ± 0.01 a 0.07 ± 0.01 b 0.12 ± 0.01 a

Antioxidant activity-ABTS 4 1.70 ± 0.05 b 2.13 ± 0.02 a 1.44 ± 0.07 b 1.76 ± 0.03 a 1.25 ± 0.01 b 2.01 ± 0.01 a

Antioxidant activity-DPPH 4 0.04 ± 0.03 b 0.08 ± 0.01 a 0.07 ± 0.01 b 0.10 ± 0.01 a 0.08 ± 0.01 a 0.08 ± 0.01 a

1 Expressed as mg/kg cyanidin 3-O-glucoside (d.m.); 2 expressed as mg/kg β-carotene (d.m.); 3 expressed as mg/g
ferulic acid (d.m.); 4 expressed as μmol/g Trolox equivalent (d.m.); 5 n.d. = not detected. Different letters in a row,
for the same bakery product, indicate significant differences (p < 0.05).

Overall, these results agreed with the predictive analyses on dough rheology which, in turn, were
due to the interference by fibre and the dilution of gluten. The high alveograph P/L ratio observed in
the chickpea-added dough, in particolar, explains the limited expansion during both leavening and the
first phases of baking (oven-spring). Thickness was less affected by this limitation because baking
essentially induces an upward push [40].

Weight loss though, was not significantly influenced.

Table 7. Baking-induced variations of the dimensional parameters of conventional durum wheat bread,
focaccia, and pizza crust and of their black, chickpea-enriched versions. DW = product prepared by
using durum wheat re-milled semolina; BC = product prepared by using a composite meal containing
60/100 g of durum wheat re-milled semolina and 40/100 g of Apulian black chickpea wholemeal flour.

Parameter
Bread Focaccia Pizza Crust

DW BC DW BC DW BC

Diameter variation (%) - - −0.7 ± 0.1 a −3.8 ± 0.1 b −1.8 ± 0.0 a −9.8 ± 0.0 b

Length variation (%) −0.4 ± 0.7 a −15.1 ± 1.4 b - - - -
Width variation (%) 7.7 ± 2.1 a −6.6 ± 3.2 b - - - -

Thickness variation (%) 84.3 ± 1.6 a 83.1 ± 0.9 a 54.2 ± 1.4 b 59.3 ± 4.1 a 54.2 ± 7.2 a 66.7 ± 5.8 a

Weight loss (%) 10.3 ± 0.3 a 10.2 ± 0.4 a 9.3 ± 0.9 a 9.3 ± 0.6 a 8.9 ± 0.4 a 9.2 ± 0.4 a

Different letters in a row, for the same bakery product, indicate significant differences (p < 0.05).

Table 8 shows the colorimetric indices of the external and internal surface of the various bakery
products prepared. Pizza was inspected only externally, due to its limited thickness (0.7–1.0 cm). The
addition of black chickpea flour caused a significant (p < 0.05) decrease of b* and an increase of brown
index (100 – L*) of all the products, which appeared grayish.

Statistically significant differences of a* were observed only in the internal part of bread and
focaccia, being higher in the chickpea-added products. All products from pure re-milled semolina,
instead, were bright yellow, with values of b* almost double those of chickpea-added products.
Therefore, together with the reduced expansion degree of products during baking, color alteration is
another negative effect of adding black chickpea wholemeal flour, which would require an adequate
explanation to the final consumer to highlight the nutritional reasons behind it, in order not to appear
too unconventional or even unpleasant (Figure 1).
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Figure 1. The internal structure of bread prepared by using a composite meal containing 60/100 g of
durum wheat re-milled semolina and 40/100 g of Apulian black chickpea wholemeal flour (left) and
bread prepared by using only durum wheat re-milled semolina (right).

Table 8. Color parameters of conventional durum wheat bread, focaccia, and pizza crust and of their
black, chickpea-enriched versions. DW = product prepared by using durum wheat re-milled semolina;
BC = product prepared by using a composite meal containing 60/100 g of durum wheat re-milled
semolina and 40/100 g of Apulian black chickpea wholemeal flour.

Product Type
Color Parameter

b* a* 100 – L*

Bread

DW 1 36.7 ± 3.2 a 6.7 ± 2.2 a 31.7 ± 6.6 b

BC 1 21.4 ± 3.7 b 10.3 ± 4.7 a 46.9 ± 3.3 a

DW 2 23.9 ± 1.2 a 0.4 ± 0.2 b 19.5 ± 1.9 b

BC 2 12.9 ± 0.5 b 1.9 ± 0.1 a 52.7 ± 2.4 a

Focaccia

DW 1 38.3 ± 3.1 a 5.7 ± 2.9 a 35.4 ± 7.3 b

BC 1 22.5 ± 3.1 b 11.3 ± 6.5 a 51.3 ± 4.9 a

DW 2 25.7 ± 0.9 a 0.4 ± 0.2 b 19.5 ± 0.7 b

BC 2 16.3 ± 0.7 b 1.7 ± 0.2 a 48.2 ± 1.9 a

Pizza crust

DW 1 22.4 ± 2.8 a 2.6 ± 1.3 a 25.1 ± 2.3 b

BC 1 12.3 ± 2.3 b 1.2 ± 0.9 a 41.1 ± 8.9 a

1 External color. 2 Internal color. Different letters in a column for the same bakery product and portion inspected,
indicate significant differences (p < 0.05).

Table 9 shows the textural parameters of experimental bread and focaccia. Again, pizza crust
was not analyzed due to its very limited thickness (0.7–1.0 cm). The chickpea-added bread and
focaccia were significantly harder (p < 0.05) and more chewy than their counterparts made only of
re-milled semolina. The springiness was very similar in all products, whereas the cohesiveness of
chickpea-added bread was lower than in conventional durum wheat bread. These results, in agreement
with the reduced expansion in volume, can be explained by a worse gluten formation, as already
indicated by the alveograph and farinograph parameters of the starting meals, due to the richness in
fibre and absence of gluten in chickpea flour.

As for the sensory profile (Table 10), all the chickpea-enriched products were significantly more
consistent (p < 0.05) than the corresponding conventional products. The addition of chickpea flour
determined the significant emergence of an odorous note of chickpeas, a darker color (both external and
internal, in agreement with colorimetric data), and an increase in moisture. Saltiness and sweetness,
on the other hand, were similar in all the products, as well as crumb porosity.
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Table 9. Textural parameters of conventional durum wheat bread and focaccia and of their black,
chickpea-enriched versions. DW = product prepared by using durum wheat re-milled semolina;
BC = product prepared by using a composite meal containing 60/100 g of durum wheat re-milled
semolina and 40/100 g of Apulian black chickpea wholemeal flour.

Parameter
Bread Focaccia

DW BC DW BC

Hardness (N) 7.90 ± 1.54 b 20.80 ± 0.80 a 5.50 ± 0.45 b 14.77 ± 2.01 a

Springiness 0.94 ± 0.01 a 0.92 ± 0.01 a 0.95 ± 0.03 a 0.93 ± 0.02 a

Chewiness (N) 5.59 ± 0.92 b 12.16 ± 1.57 a 3.81 ± 0.35 b 9.90 ± 1.75 a

Cohesiveness 0.74 ± 0.03 a 0.63 ± 0.05 b 0.75 ± 0.05 a 0.72 ± 0.07 a

Different letters in a row indicate significant differences (p < 0.05).

Greasiness, typical of focaccia but unpleasant if eccessive, was significantly more evident in the
conventional focaccia than in the chickpea-added one. The inclusion of oil in the formulation, more
abundant in focaccia than in pizza crust and bread, probably influenced the consistency of the focaccia
as well, which was slightly softer than bread, in agreement with the results of textural analysis. Other
studies reported the positive effect of oil on the consistencies and volumes of bakery products [41].

As for the pizza crust, the presence of surface bubbles was significantly greater in the conventional
product than in the chickpea-added one, whose dough was less extensible and less able to retain gas,
as shown by rheological analyses.

Table 10. The sensory profile of conventional durum wheat bread, focaccia, and pizza crust, and of
their black chickpea-enriched versions. DW = product prepared by using durum wheat re-milled
semolina; BC = product prepared by using a composite meal containing 60/100 g of durum wheat
re-milled semolina and 40/100 g of Apulian black chickpea wholemeal flour.

Parameter
Bread Focaccia Pizza Crust

DW BC DW BC DW BC

External color 4.4 ± 0.2 b 7.7 ± 0.2 a 4.5 ± 0.2 b 7.9 ± 0.1 a 3.8 ± 0.2 b 7.2 ± 0.3 a

Inner color 2.9 ± 0.1 b 7.5 ± 0.3 a 3.1 ± 0.5 b 7.1 ± 0.6 a - -
Presence of surface bubbles - - - - 2.1 ± 0.5 a 0.3 ± 0.1 b

Chickpea odor 0.1 ± 0.1 b 4.7 ± 0.6 a 0.2 ± 0.1 b 5.6 ± 0.8 a 0.1 ± 0.1 b 4.8 ± 0.1 a

Greasiness - - 5.1 ± 0.2 a 4.1 ± 0.1 b - -
Crumb elasticity 1 5.7 ± 0.1 a 5.2 ± 0.1 b 6.7 ± 0.4 a 6.3 ± 0.1 a 6.3 ± 1.2 a 5.7 ± 0.9 a

Crumb consistency 1 2.9 ± 0.3 b 5.2 ± 0.1 a 1.9 ± 0.2 b 4.6 ± 0.1 a 2.4 ± 0.2 b 4.5 ± 0.3 a

Crumb porosity 4.3 ± 0.3 a 3.9 ± 0.3 a 4.2 ± 0.4 a 4.0 ± 0.1 a - -
Crumb moisture 1 4.6 ± 0.2 b 5.7 ± 0.2 a 4.3 ± 0.1 b 6.0 ± 0.4 a 4.5 ± 1.1 a 5.7 ± 0.8 a

Saltiness 3.0 ± 0.1 a 2.9 ± 0.4 a 2.9 ± 0.3 a 2.7 ± 0.2 a 2.3 ± 0.2 a 2.1 ± 0.1 a

Sweetness 1.2 ± 0.2 a 1.7 ± 0.3 a 1.3 ± 0.2 a 1.6 ± 0.3 a 1.2 ± 0.3 a 1.6 ± 0.4 a

1 Evaluated on the whole product. Different letters in a row, for the same bakery product, indicate significant
differences (p < 0.05).

4. Conclusions

On the basis of the results obtained during the characterization of the composite meals, it emerged
that the addition of the wholemeal flour of Apulian black chickpeas to durum wheat re-milled semolina
caused a decrease in the bread-making attitude, which, however, was countered by a nutritional
improvement in terms of higher contents of fibre and proteins. The enriched end-products showed also
higher contents of bioactive compounds and an improved antioxidant activity. The positive features
should be adequately communicated to the consumer to compensate the significant negative effects of
addition of chickpea flour, such as alterations of consistency and color with respect to analogous baked
goods made of pure re-milled semolina.

Among the three products evaluated, the best product for consumer would be bread because of
its lower content of lipids, and consequently, lower energy value. However, with enrichment levels
of chickpea flour as high as 40/100 g, all three products evaluated were able to help fulfil the recent
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dietary guidelines, which suggest one to consume at least three legume servings per week. Adding
chickpea flour to baked goods, therefore, represents a nutritionally effective strategy and a significant
step forward to increase the consumption of legumes.
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Abstract: A biotechnological approach including enzymatic treatment (protease and xylanase) and
lactic acid bacteria fermentation has been evaluated to enhance the nutritional value of semolina
pasta enriched with hemp, chickpea and milling by-products. The intense (up to circa, (ca.) 70%)
decrease in the peptide profile area and (up to two-fold) increase in total free amino acids, compared
to the untreated raw materials, highlighted the potential of lactic acid bacteria to positively affect
their in vitro protein digestibility. Fermented and unfermented ingredients have been characterized
and used to fortify pasta made under pilot-plant scale. Due to the high contents of protein (ca. 13%)
and fiber (ca. 6%) and according to the Regulation of the European Community (EC) No. 1924/2006
fortified pasta can be labelled as a “source of fiber” and a “source of protein”. The use of non-wheat
flours increased the content of anti-nutritional factors as compared to the control pasta. Nevertheless,
fermentation with lactic acid bacteria led to significant decreases in condensed tannins (ca. 50%),
phytic acid and raffinose (ca. ten-fold) contents as compared to the unfermented pasta. Moreover,
total free amino acids and in vitro protein digestibility values were 60% and 70%, respectively, higher
than pasta made only with semolina. Sensory analysis highlighted a strong effect of the fortification
on the sensory profile of pasta.

Keywords: hemp; chickpea; milling by-products; fortified pasta; lactic acid bacteria; nutritional value

1. Introduction

The trend in world population growth (up to 9.6 billion people by 2050) and the necessity to provide
a nutritionally balanced diet and to reduce greenhouse gas emissions require relevant production
increases in vegetables, as well as a transition to a diet higher in plant- rather than animal-derived
proteins [1,2]. Aiming at addressing environmental concerns and meeting nutritional deficiencies
and recommendations, the fortification of staple foods (e.g., bread and pasta) has been identified
as an effective, sustainable and promising intervention [3,4]. To date, several studies investigated
the nutritional value of additional ingredients to be used as wheat alternatives in cereal-based
products [4–8]. Due to its popularity [9], pasta has been proposed as a suitable carrier of nutrients,
mainly dietary fiber and proteins [4,7,10–13].

Legumes are excellent sources of proteins with high biological value and dietary fibers and they
supply high levels of vitamins, minerals, oligosaccharides and phenolic compounds [14]. Moreover,
thanks to their functionality (e.g., solubility and water-binding capacity), legume flours have successfully
been proposed to enhance gluten-free food formulation and processing [5].

Grain germ and bran (milling by-products) comprise important sources of dietary fiber and
α-tocopherol, vitamins of group B, polyunsaturated fats, minerals and different bioactive compounds
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with health-promoting effects [15]. Pearling by-products, thanks to the high content of dietary fiber
and β-glucan, have been suggested as suitable ingredients to produce functional pasta [6]. Hemp
has recently raised much interest as a sustainable food ingredient due to the high content (ca. 30%)
and biological value of protein, dietary fiber content (ca. 50%) as well as the considerable content of
functional compounds (e.g., phenols) with antioxidant and anti-hypertensive properties [16].

Nevertheless, the poor stability to oxidation [17], the high content of fibers and the absence of
gluten may impair the wheat alternative’s high nutritional value, worsening the technological and
sensory profiles of the products [18]. Moreover, the presence of anti-nutritional factors (ANFs), i.e.,
phytic acid, condensed tannins, raffinose and trypsin inhibitors, further limit the use of such ingredients
by the food industry [19]. Although different biotechnological options were suggested to overcome the
drawbacks related to the use of non-wheat flours in cereal-derived foods, fermentation with lactic acid
bacteria (LAB) seemed to be the best option to both decrease the ANF and improve their nutritional,
technological and sensory profile [19,20].

Based on the above consideration, here, hemp and chickpea flours, and wheat milling by-products
were proposed as additional ingredients to improve the nutritional quality of semolina pasta. Enzymatic
pre-treatments and fermentation with LAB were evaluated as bioprocessing options to enhance protein
digestibility and decrease ANF. Bioprocessed ingredients were used to manufacture fortified pasta, and
the effects on the nutritional, technological, and sensory properties were investigated in comparison to
samples produced with the untreated native ingredients.

2. Materials and Methods

2.1. Raw Materials, Bacterial Strains and Enzymes

Commercial hemp (Cannabis sativa L.) flour (Sottolestelle, San Giovanni Rotondo, Italy), chickpea
grains (Cicer arietinum L. var. Pascià, Caporal Grani S.a.s.,Gravina di Puglia, Italy), wheat germ (Molino
Rieper, Vandoies di Sotto, Italy) and bran (Molino Careccia, Stigliano, Italy) were used in this study.
Chickpea, germ and bran flours were milled using a laboratory mill Ika-Werke M20 (GMBH, and Co.
KG, Staufen, Germany) before use. After milling, all the flours were sieved (mesh size 500 μm) to
remove the coarse fraction.

Lactobacillus plantarum LB1 and Lactobacillus rossiae LB5 [21] were used in this study. Strains
were routinely cultivated on modified de Man Rogosa and Sharp (Oxoid, Basingstoke, Hampshire,
UK) (mMRS) as reported by Rizzello et al. [21]. A commercial xylanase (880 xylanase u/g; Depol
761P, Biocatalysts Limited, Chicago, USA) from Bacillus subtilis and proteases of Aspergillus
oryzae (500,000 hemoglobin units on the tyrosine basis/g; enzyme 1 [E1]) and Aspergillus niger
(3000 spectrophotometric acid protease units/g; enzyme 2 [E2]), routinely used for bakery applications,
supplied by BIO-CAT Inc. (Troy, VA, USA), were also used.

2.2. Proximate Chemical Composition of Raw Materials

Moisture, protein, lipids, total dietary fiber and ash of raw material were determined according to
Approved Methods 44-15A, 46-11A, 30-10.01, 32-05.01, and 08-01.01 of the American Association of
Cereal Chemists (AACC) [22]. Total nitrogen was corrected by 6.25, 4.99, 6.31 and 5.30 for chickpea,
wheat germ, wheat bran and hemp, respectively [23,24]. Available carbohydrates were calculated as
the difference [100 − (proteins + lipids + ash + total dietary fiber)]. Proteins, lipids, carbohydrates,
total dietary fiber and ash were expressed as % of dry matter (d.m.).

2.3. Bioprocessing

Wheat germ and bran were mixed (1:4, wt/wt) prior to dough preparation. Doughs (50 g) were
prepared by mixing hemp flour (62.5% wt/wt), or chickpea flour (62.5% wt/wt) or milling by-products
(40.0% w/w) with tap water. Dough yield (DY, dough weight × 100/flour weight) was 160 for hemp (H)
and chickpea (C), and 250 for milling by-products (WGB). To be used as a mixed starter for sourdough
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fermentation, LAB cells were harvested by centrifugation (10,000× g, 10 min, 4 ◦C), washed twice in
50 mM phosphate buffer, pH 7.0, and re-suspended in tap water used for the dough making (final cell
density in the dough was ca. 7.0 log10 cfu/g). Fermentation was carried out at 30 ◦C for 24 h (HF, CF,
and WGBF).

For the enzymatic treatments, doughs with the same DY were prepared. Before mixing, xylanase
was added at 50 ppm based on dough weight (HX, CX, and WGBX) and proteases E1 and E2 (HP, CP,
and WGBP) were used at 50 ppm (25 ppm for each enzyme) on dough weight. Doughs were incubated
at 30 ◦C for 8 h. All the doughs were prepared and incubated in triplicate.

2.4. Determination of the Protein Degradation

Aiming at selecting the optimal bioprocessing option, total free amino acid (TFAA) concentration
and peptide profiles were considered as indexes of the proteolytic degradation and screening parameters.
Doughs prior bioprocessing were used as the controls (H, C, and WGB).

Water/salt-soluble extracts (WSEs) from doughs were prepared as reported by Weiss et al. [25]
and used for TFAA and peptides analyses. TFAA were analyzed by a Biochrom 30 series Amino
Acid Analyzer (Biochrom Ltd., Cambridge Science Park, United Kingdom) with a Na-cation-exchange
column (20 by 0.46 cm internal diameter), as described by Rizzello et al. [17]. For the analysis of
peptides, WSE were treated with trifluoroacetic acid (TFA, 0.05% wt/v) and subjected to dialysis (cut-off
500 Da) to remove proteins and FAA, respectively. Then, the peptide concentration was determined
by the o-phtaldialdehyde (OPA) method [26]. Peptide profiles were obtained by Reversed-Phase
Fast Performance Liquid Chromatography (RP-FPLC) [26,27], using an ÄKTA FPLC equipped with a
Resource RPC column and a UV detector (214 nm) (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).
Peptide profiles and total peak area were elaborated with Unicorn 4.0 software (GE Life Sciences).

2.5. Microbiological and Biochemical Characterization of Fermented Doughs

pH values of H, C and WGB and HF, CF and WGBF were determined online by a pH meter (Model
507, Crison, Milan, Italy) with a food penetration probe. The AACC method 02-31.01 was used for the
determination of total titratable acidity (TTA) of samples. Presumptive LAB was enumerated using de
Man, Rogosa and Sharpe (MRS, Oxoid) agar medium, supplemented with cycloheximide (0.1 g/L).
Plates were incubated, under anaerobiosis (AnaeroGen and AnaeroJar, Oxoid), at 30 ◦C for 48 h. WSEs
from unfermented and fermented doughs were used for the determination of organic acids, peptides
and TFAA concentrations. High-Performance Liquid Chromatography (HPLC) ÄKTA Purifier system
(GE Healthcare, Buckinghamshire, United Kingdom) equipped with an Aminex HPX-87H column (ion
exclusion, Bio-Rad, Richmond, CA, United States) and a UV detector operating at 210 nm [17] was used
to quantify organic acids. The fermentation quotient (FQ) was determined as the molar ratio between
lactic and acetic acids. Peptides and TFAA concentrations were determined as described above.

2.6. Pasta Making

Pasta was manufactured using a pilot plant La Parmigiana SG30 (Manufacture, Fidenza, Italy).
Table 1 summarizes the ingredients and protocol used for pasta making. All the doughs had a final DY
of 130, corresponding to 23% (wt/wt) water and 77% (wt/wt) dry matter (semolina, hemp, chickpea
flours and milling by-products).

Unfermented and fermented doughs were obtained as described before and used as ingredients
for pasta making. Due to the difference in terms of the DY (160 vs. 250) of the doughs, H, HF, C
and CF were used at 11% (wt/wt), while the level of fortification of WGB and WGBF was 17% (wt/wt).
Unfermented and fermented doughs were mixed with durum wheat semolina and water to obtain pasta
samples (pH, pHF, pC and pCF and pWGB and pWGBF, respectively). A control pasta was made without
fortification (pCT). The process is composed of four stages: i) three-steps mixing (1 min mixing/6 min
hydration); ii) extrusion of final dough at 45–50 ◦C through a n. 76 (150 mm diameter) bronze die;
iii) cutting the extruded to obtain grooved “macaroni”; and iv) drying using low temperature (55 ◦C)
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cycle (Supplementary Table S1). The proximate composition of wheat semolina was moisture, 10.2%;
protein, 12.1% of d.m.; fat, 1.8% of d.m.; ash, 0.6% of. d.m.; and total carbohydrates, 75.5% of d.m.

Table 1. Formulas for pasta fortified with hemp, chickpea, and wheat germ/bran unfermented
and fermented doughs: pH, pasta containing 11% of unfermented hemp dough (wt/wt); pHF, pasta
containing 11% of fermented hemp dough (wt/wt); pC, pasta containing 11% of unfermented chickpea
dough; pCF (wt/wt), pasta containing 11% of fermented chickpea dough (wt/wt); pWGB, pasta containing
17% of unfermented wheat germ and bran (1:4) dough (wt/wt); pWGBF, pasta containing 17% of
fermented wheat germ and bran (1:4) dough (wt/wt); pCT, pasta made with durum wheat semolina.

pH pC pWGB pHF pCF pWGBF pCT

Semolina (%) 70.2 70.2 70.2 70.2 70.2 70.2 77
Water (%) 19.8 19.8 12.8 19.8 19.8 12.8 23

Fermented dough (%) 1 - - - 11 11 17 -
Unfermented dough (%) 1 11 11 17 - - - -

1 Having DY of 160, 11% of hemp (H and HF) and chickpea (C and CF) doughs contained ca. 6.8% of solids and
4.2% of water. While, 17% of wheat germ/bran doughs (WGB and WGBF) having dough yield (DY) of 250 contained
ca. 6.8% dry matter and 10.2% of water. Consequently, all the fortified pasta samples contained ca. 7% of non-wheat
flours/milling by-products.

2.7. In vitro Protein Digestibility (IVPD)

The IVPD of pasta samples was determined according to Akeson and Stahmann [28,29]. In order
to mimic the in vivo digestion in the gastrointestinal tract, pasta samples were subjected to a sequential
enzymatic treatment. The IVPD is the percentage of the total protein solubilized after enzymatic
hydrolysis. The protein quantification was made according to the Bradford method [30].

2.8. Pasta Characterization

2.8.1. Hydration Test, Cooking Time, Cooking Loss and Water Absorption

The method of Marti et al. [31] (ratio pasta:water of 1:20, 180 min of incubation) was used to
determine the hydration at 25 ◦C, while the method of Schoenlecher et al. [32] was used to determine
the cooking time. The optimal cooking time (OCT) corresponded to the disappearance of the white
core. Cooking loss (expressed as grams of matter loss/100 g of pasta) was evaluated by determining
the number of solids lost into the cooking water as proposed by D’egidio, et al. [33]. The increase in
pasta weight during cooking (water absorption) was evaluated by weighing pasta before and after
cooking. The results were expressed as [(W1 −W0/W0] × 100, where W1 is the weight of cooked pasta
and W0 is the weight of the uncooked samples.

2.8.2. Chemical and Nutritional Profile

Chemical characteristics (determined on pasta dough prior to extrusion) and the proximal
composition of pasta were determined as reported above.

The protein solubility of pasta (grinded) was evaluated under native and denaturing conditions as
reported by Iametti et al. [34]. The concentration of protein and peptides was determined as reported
above [7,30].

Raffinose and phytic acid concentrations were determined by using the Megazyme kit
Raffinose/D-Galactose Assay Kit K-RAFGA and K-PHYT 05/07 (Megazyme International Ireland
Limited, Bray, Ireland), respectively, following the manufacturer’s instructions. Condensed tannins
were determined using the acid butanol assay, as described by Hagerman [35].

IVDP and starch hydrolysis were determined on pasta samples at the OCT. IVPD was determined
as described before. The evaluation of the starch hydrolysis rate was performed using a procedure
mimicking the in vivo digestion of starch [36]. Wheat flour bread (WB) was used as the control to

140



Foods 2019, 8, 604

estimate the hydrolysis index (HI = 100). The predicted GI of all pasta samples was calculated using
the following equation: pGI = 0.549 × HI + 39.71 [37].

2.8.3. Texture and Color Analysis

Instrumental Texture Profile Analysis (TPA) was carried out with a TVT-300XP Texture Analyzer
(TexVol Instruments, Viken, Sweden), equipped with a cylinder probe (diameter 95 mm). For the
analysis, pasta samples were cooked until the OCT, left to cool at room temperature and placed in
a beaker (diameter, 100 mm; height 90 mm), filled to about half volume. The selected settings were
the following: test speed 1 mm/s, 30% deformation of the sample and two compression cycles. The
chromaticity coordinates of the samples (obtained by a Minolta CR-10 camera) were reported in the
form of a color difference, ΔE × ab [7].

2.8.4. Sensory Analysis

A trained sensory panel (n = 13, aged 21–45 years) assessed the sensory profile of pasta samples.
The lexicon consisted of twelve attributes as reported in Supplementary Table S2. A line scale

from “not at all” (0) to “very” (10) for each attribute was used for the evaluation. Each pasta sample
was cooked according to its own OCT and presented randomized in duplicate. Tap water was used
to rinse the mouth between the samples. The study protocol followed the ethical guidelines of the
sensory laboratory. A written informed consent was obtained from each participant.

2.9. Statistical Analysis

All analysis as well as the fermentation and enzymatic treatments were carried out in triplicate.
The one-way ANOVA, using Tukey’s procedure at p < 0.05, was performed for the data elaboration
(Statistica 12.5, StatSoft Inc., Tulsa, USA). Principal component analysis (PCA) with varimax rotation
was performed to visualize the sensory characteristics of the samples with Unscrambler X10.3 (Camo
SA, Trondheim, Norway).

3. Results

3.1. Proximate Composition of the Raw Materials

The proximate composition of the flours is reported in Table 2. Hemp flour was characterized by
the highest concentration of protein (ca. 37% of d.m.) and total dietary fiber (ca. 39.7% of d.m.), while
chickpea flour was characterized by the lowest concentration of fat (ca. 4% of d.m.) (Table 2).

Table 2. Proximate composition and microbiological characterization of hemp and chickpea flours and
wheat germ/bran mixture.

Hemp Chickpea Wheat germ:bran (1:4)

Protein (%) 36.9 ± 0.1 a 25.2 ± 0.4 b 17.8 ± 0.5 c

Fat (%) 11.9 ± 0.2 a 3.9 ± 0.1 c 8.6 ± 0.7 b

Available carbohydrates (%) 4.2 ± 0.1 48.9 ± 1.9 34.2 ± 2.1
Total dietary fiber (%) 39.7 ± 0.1 a 24.3 ± 0.3 b 37.8 ± 1.1 a

Ash (%) 7.6 ± 0.2 a 2.9 ± 0.9 b 2.0 ± 0.4 b

Data are expressed % of dry matter. a–c Values in the same row with different superscript letters differ significantly
(p < 0.05).

3.2. Proteolysis and Set-Up of the Bioprocessing

TFAA and peptide profiles were used as screening criteria for bioprocessing parameters, since
they correspond to the organic nitrogen compounds released during the process from native proteins.
According to the peptide profiles (Figure 1), H and WGB were characterized by a total peak area
significantly lower than C (3479 ± 34 and 5194 ± 25 mAU × mL vs. 15011 ± 53 mAU × mL). As
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the consequence of the bioprocessing, changes were observed mainly in the range 20% to 40% of
the acetonitrile gradient, while the hydrophilic zone had undergone minimal alterations (Figure 1).
Enzymatic treatments led to slight increases in the total peak area of peptides. Values from 6.8% (CP)
to 9.4% (WGBP) higher were found when proteases were used. Similarly, increases up to ca. 10% were
found in CX and WGBX. HX and H were characterized by a similar peptide area. On the contrary, LAB
fermentation caused a significant decrease in the peptide profile area, with HF and CF characterized by
a relevant lower area (21 and 71%, respectively) than H and C.

Figure 1. Reversed-Phase Fast Performance Liquid Chromatography (RP-FPLC) peptide profiles of
hemp, chickpea and wheat germ/bran doughs. (A): H, untreated hemp dough; HF, fermented hemp
dough; HP, hemp dough treated with proteases (E1/E2); HX, hemp dough treated with xylanase (Depol
761P). (B): C, untreated chickpea dough; CF, fermented chickpea dough; CP, chickpea dough treated
with proteases (E1/E2); CX, chickpea dough treated with xylanase (Depol 761P). (C): WGB, untreated
wheat germ/bran (1:4) dough; WGBF, fermented wheat germ/bran (1:4) dough; WGBP, wheat germ/bran
(1:4) dough treated with proteases (E1/E2); WGBX, wheat germ/bran (1:4) dough treated with xylanase
(Depol 761P).

The concentration of TFAA in H, C and WGB prior to bioprocessing ranged from 802 ± 5 to
1972 ± 12 mg/Kg (Table 3). LAB and enzymes both increased TFAA concentration. Among the
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enzymatic treatments, proteases led to a concentration from ca. 3% (CP) to 70% (HP) higher than the
corresponding untreated controls, while increases in the range 2 (CX) to 40% (WGBX) were found when
xylanase was used. LAB led to the highest increases in the TFAA concentration (up to two-fold higher)
(Table 3). In detail, the highest TFAA concentration was found in CF (2457 ± 16 mg/Kg).

Table 3. Chemical characterization of unfermented/fermented hemp, chickpea and wheat germ/bran
doughs. H, dough made with hemp flour; HF, fermented dough made with hemp flour; C, dough
made with chickpea flour; CF, fermented dough made with chickpea flour; WGB, dough made with a
mixture of wheat germ and bran (1:4); WGBF, fermented dough made with a mixture of wheat germ
and bran (1:4).

H C WGB HF CF WGBF

pH 6.4 ± 0.2 a 6.1 ± 0.1 a 6.3 ± 0.5 a 4.5 ± 0.3 b,c 4.4 ± 0.2 c 4.9 ± 0.2 b

Total titratable acidity
(TTA) (mL NaOH 0.1M) 4.2 ± 0.3 c 4.1 ± 0.2 c 4.0 ± 0.1 c 35.8 ± 0.6 a 28.6 ± 0.8 b 29.1 ± 0.7 b

Lactic acid (mmol/Kg) 3.3 ± 0.2 d 4.1 ± 0.2 c 4.1 ± 0.5 c 214.9 ± 5.8 b 180.7 ± 4.3 c 246.4 ± 6.2 a

Acetic acid (mmol/Kg) 1.8 ± 0.9 d 1.1 ± 0.3 d 2.6 ± 0.4 c 43.9 ± 0.9 a 42.7 ± 0.7 a 31.6 ± 0.3 b

Fermentation quotient (FQ) 1.8 3.7 1.6 4.7 4.3 7.8
Total free amino acid

(TFAA) (mg/Kg) 990 ± 8 d 1972 ± 12 c 802 ± 5 e 1799 ± 11 c 2457 ± 16 a 1929 ± 13 b

Peptides (g/Kg) 0.62 ± 0.05 c 2.60 ± 0.60 a 0.81 ± 0.09 b 0.49 ± 0.59 c 0.75 ± 0.20 b,c 0.77 ± 0.10 b,c

Hemp and chickpea doughs had a DY of 160; wheat germ/bran dough had a DY of 250. The data are the means of
three independent experiments ± standard deviations (n = 3). a–e Values in the same row with different superscript
letters differ significantly (p < 0.05).

Although both enzymatic treatments caused a moderate increase in the peptides in treated samples,
the most extensive protein degradation that occurred during fermentation suggested a more intense
potential effect of the LAB on protein digestibility. According to these considerations, fermented
samples were subjected to further analysis.

3.3. Chemical Characterization of Doughs

A decrease in pH of ca. 2 units was achieved in all fermented doughs (Table 3). Significant higher
values of TTA were found in HF, CF and WGBF compared to H, C and WGB, respectively. These
changes are in accordance to the increases in lactic and acetic acids in fermented doughs. The highest
concentration of lactic acid was found in WGBF, while HF contained the highest amount of acetic acid
(Table 3). Decreases in the peptide concentrations (up to ca. 80%) were found after fermentation. The
highest decrease was found in CF, while, according to the TFAA concentration, the lowest value was
found in HF (Table 3).

3.4. Chemical, Technological and Structural Properties of Pasta

The inclusion of both unfermented and fermented ingredients affected the chemical characteristics
of pasta. However, the pH and TTA values differ from pCT only when fermented ingredients were used
(Table 4). TFAA concentration was higher in all fortified pasta, as compared to the pCT with higher
extent when fermented ingredients were used. pWGBF contained the highest amount (ca. ten-fold
higher than pCT) (Table 4).

The experimental OCT of pCT was ca. 10 min. Decreases (from 25 to 66%) in OCT were found
for fortified pasta, especially when fermented ingredients were used (Table 4). A similar trend was
found in terms of water absorption; lower values (13 to 32%) were found in pHF, pCF and pWGBF as
compared to pCT. On the contrary, the cooking loss increased when pasta was fortified, being higher
(up to 66%) when fermented ingredients were used. Hydration was also affected by the fortification;
indeed, significantly higher values were found in fortified pasta especially when fermented doughs
were used as ingredients. The highest value was reached in pWGBF.
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Protein solubility in phosphate buffer was very low for all samples (< 2.91 ± 0.4 mg/g), while the
addition of denaturing urea corresponded to a higher protein extraction (up to three-fold). The protein
solubility in a buffer containing the disulfide reducing DTT was ca. two-fold lower compared to the
phosphate buffer (data not shown), nevertheless, when both urea and DTT were used, the highest
protein extraction was achieved. Overall, the protein solubility of fortified pasta was higher than the
pasta containing only semolina. Moreover, the values of protein solubility were higher in fermented
than the corresponding unfermented samples, probably due to the more intense proteolysis.

The hardness of fortified pasta samples was higher than pCT. However, when fermented doughs
were used, lower values were found as compared to pH, pC and pWGB. Chewiness decreased with
the fortification. However, when fermented doughs were used, it was higher in pCF and pWGBF as
compared to pC and pWGB, respectively. The inclusion of wheat substitutes led to a decrease in the
cohesiveness only when unfermented doughs were used. With the only exception of pHF, which
showed lower value of chewiness, similar values were found between pasta containing fermented
doughs and pCT.

Compared to pCT, lower lightness (L) and higher dE × ab values were found in all fortified pasta
samples (Table 4). The highest “a” value, index for greenness (−)/redness (+) was observed for pWGB
and pWGBF (Table 4).

3.5. Nutritional Properties of Pasta

As expected, the fortification with H, C and WGB improved the content of protein and total
dietary fibers (Table 5). A fiber concentration higher than 6% was obtained with the fortification.
Nevertheless, fortification also increased the content of the ANF, although the use of fermented doughs
corresponded to lower concentration than corresponding unfermented controls. Overall, ca. ten-fold
decreases in phytic acid and raffinose were observed in pasta with fermented doughs (Table 5). pCF

and pHF contained the lowest amount of phytic acid and raffinose, respectively. Condensed tannins
were from 23% to 59% lower in pHF, pCF and pWGBF as compared to the corresponding pasta with
unfermented doughs.

Pasta samples containing fermented doughs were characterized by lower values of HI (up to 79%)
as compared to the corresponding unfermented ones, except for pHF. The use of unfermented and
fermented milling by-products led to the lowest values of HI (60.62 and 42.4, respectively). The pGI of
unfermented and fermented pasta ranged from 72.99 to 81.27 and from 62.98 to 79.74, respectively. The
lowest value was found in pWGBF. A similar trend was found in terms of the IVPD. Increases from
22% to 45% were found in fortified pasta as compared to pCT. Values 43–64% higher than pCT were
found in pHF, pCF and pWGBF (Table 5). The fermentation led to pasta having an IVPD from 10% to
22% higher than the corresponding pH, pC and pWGB.
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3.6. Sensory Analysis

Pasta was subjected to sensory analysis and the results are summarized in Figure 2. The PCA,
representing 79.49% of the total variance of the data, showed that pasta samples are scattered in
different parts of the plane according to the raw materials used for the production. All fortified
samples were in a different part of the plane as compared to the control pCT, thus confirming the strong
influence of the fortification on the sensory profile of pasta. Moreover, among fortified samples, the
fermentation seemed to strongly affect the sensory profile of pasta only when milling by-products
were used. Indeed, pWBGF and pWBG were scattered in different part of the plane. The former was
characterized by a greater intensity of pungent odor and flavor and note of whole grains as compared
to the corresponding pWBG. Only slight differences were found between pC and pCF and pH and pHF,
respectively. pCF differentiated from the former due to the most intense legume note.

Figure 2. Loading plot (A) and score plot (B) of first and second principal components after principal
component analysis (PCA) based on based on sensory analysis of pasta: pH, pasta containing 11%
(wt/wt; d.m.) unfermented hemp dough; pHF, pasta containing 11% (wt/wt; d.m.) fermented hemp
dough; pC, pasta containing 11% (wt/wt; d.m.) unfermented chickpea dough; pCF, pasta containing
11% (wt/wt; d.m.) fermented chickpea dough; pWGB, pasta containing 17% (wt/wt; d.m.) unfermented
wheat germ and bran (1:4) dough; pWGBF, pasta containing 17% (wt/wt; d.m.) fermented wheat germ
and bran (1:4) dough; pCT, pasta made only with semolina and water. The data are the means of three
independent experiments ± standard deviations (n = 3). The attributes used in sensory analysis were:
GA, general acceptability; OI, Odor Intensity; OP, Odor pungent; CH, Color Heterogeneity; S, Sapidity;
PF, Pungent Flavor; DF, Delicate Flavor; TE, Texture; CHE, Chewability; ST, Stacking; L, Legume; W,
Whole; TO, Toasted.
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4. Discussion

The need for a diversified, balanced and healthy diet and the continued emphasis on the importance
of dietary proteins and fibers are pressuring food companies and researchers to develop new products.
Pasta is an important staple food; compared to other wheat-based foods, it is characterized by a lower
glycemic index (GI), and it has been identified as a suitable carrier of bioactive compounds in daily
diet [4,5,20]. Novel pasta recipes including the replacement of wheat flour with alternative flours, as
well as the inclusion of pre-fermented ingredients have been recently proposed [20].

Here, hemp, chickpea and milling by-products were used to fortify semolina pasta. Aiming
at improving the protein bio-accessibility and digestibility of the non-wheat flours and milling
by-products before pasta making, treatments with food–grade enzymes and fermentation were
investigated. Proteases from A. niger, commercial xylanase (Depol 761P) and LAB (L. plantarum LB1
and L. rossiae LB5) have been used as pre-treatment of the raw materials. The first selection of the
more suitable bioprocess option was carried out by the evaluation of the peptide profiles and the
TFAA concentration.

When hemp, chickpea and milling by-products were subjected to enzymatic treatments, a
moderate increase in the peptides was observed as the consequence of the proteolysis of the native
proteins (proteases) [38] and the release of soluble compounds from the fibrous cellular compartments
(xylanase) [39]. On the contrary, fermentation led to a decrease in the peptides (up to ca. 70% lower)
and a relevant increase in the TFAA (up to ca. 80% higher), suggesting an intense proteolysis operated
by both endogenous and bacterial proteases and peptidases on proteins and their derivatives. It
has largely been reported that the biological acidification operated by LAB lead to the activation of
endogenous proteases which start the primary proteolysis where medium-sized polypeptides are
released and subjected to LAB peptidase activities [40]. Based on these results, fermentation was
chosen as the optimal bioprocessing option and its effects on hemp, chickpea, and milling by-products
further investigated.

Aiming at investigating the suitability of hemp, chickpea and milling by-products as food
ingredients, unfermented and fermented doughs were included in pasta formulation. In order to limit
the weakening of the gluten network, the level of fortification was kept below 30% [7,41]. Nevertheless,
the cooking performances and textural properties of fortified products were affected by the inclusion
of the additional ingredients. A decrease in OCT and the increase in the cooking loss observed in
fortified pasta might be due to the lower quality of the gluten network [20]. Overall, fortified pasta
was characterized by values of hardness higher than control. However, the magnitude was lower
when the fermentation was used as pre-treatment, regardless of the raw material. Data from panel
test highlighted that the fortification affected the flavor of pasta. Indeed, pCT was characterized by
the more intense delicate flavor, while legume, toasted and whole flavors were identified in fortified
pasta, according to the raw materials used. The high intensity of pungent flavor and odor, due to the
fermentation, also contributed to the differentiation among fortified pasta and pCT.

The fortification led to a pasta rich in fiber and protein, regardless of the fermentation process.
Indeed, more than 13% of protein as well as ca. 6% (d.m) of fiber were achieved. According to EC
Regulation [42] on nutrition and health claims on food products, experimental fortified pasta can
be labelled as a “source of fiber” and a “source of protein”. Nevertheless, increases in the ANF, as
compared to control pasta were found as a result of the fortification. The fermentation with selected
LAB led to significant degradation (to traces) of the phytic acid, raffinose and condensed tannins as
compared to the corresponding unfermented samples. Phytic acid (Myo-inositol 1,2,3,4,5,6 hexakis
[dihydrogen phosphate]) is considered ANF due to the binding capacity towards essential dietary
minerals, proteins and starch, thus reducing their bioavailability. The degradation of phytic acid during
fermentation is achieved mainly through plant phytases [19] activated by LAB acidification. Moreover,
a specific role of the organic acids on phytase activity has recently been proposed [43]. Cation chelation
from organic acids may inhibit the aggregation of minerals and other molecules by phytic acid, thereby
increasing their digestibility [43]. When present at high concentration, i.e., in legumes, raffinose is
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considered an ANF. However, LAB contribute to its enzymatic hydrolysis during fermentation [44],
thus increasing product digestibility and reducing digestive discomfort [45]. The degradation of
condensed tannins through LAB has already been proposed. It involves several enzymatic activities
such as tannase, polyphenol oxidase and decarboxylase [46].

Beside the improvements in terms of ANF, an ca. 20% higher IVPD was found in fermented pasta
samples as compared to the corresponding unfermented ones. Control pasta was characterized by an
IVPD value 45% and 64% lower than the fortified samples (unfermented and fermented, respectively).
Pasta containing non-wheat flours and milling by-products had a lower value of pGI compared to
control, probably due to the higher concentration of dietary fibers and resistant starch, and a further
decrease was found when the fermented flours were used. This effect could be attributed to biological
acidification, which is among the main factors that decreases the starch hydrolysis rate and HI [36].

5. Conclusions

The study highlights the suitability of the fortification as a tool to improve the nutritional quality
of pasta. Nevertheless, the pre-treatment of the non-wheat flours seems to be necessary to overcome
the nutritional, structural and sensory drawback related to the use of such ingredients. Lactic acid
bacteria fermentation has successfully been used to include hemp and chickpea flours and milling
by-products in pasta making. LAB contributed to the increase in free amino acid content and decrease
in phytic acid, raffinose and condensed tannins as compared to the corresponding unfermented doughs
containing pasta. Moreover, fermentation improved protein digestibility and decreased the starch
hydrolysis rate. Structural properties, cooking quality and sensory profiles were strongly affected by
the fortification. Aiming at limiting the loss of rheological properties and cooking quality caused by
the incorporation of non-wheat ingredients, further optimization of the technological processes may
be needed.
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Abstract: Bakery products made from naturally fermented sourdough show a diversified flavor and
nutritional profile. Djulis (Chenopodium formosanum), known as red quinoa or Taiwan djulis, originally
cultivated by Taiwanese indigenous people in mountain areas in eastern and southern Taiwan, has a
high nutritional value and characteristic properties. In the present study, a new bakery product
(djulis sourdough bread) was developed and a combination of the Taguchi method coupled with grey
theory was utilized to optimize the baking parameters (product formulation). Five main factors, i.e.,
djulis sourdough (A), hulled djulis (B), oil type (C), a mixture of bread flour (wet gluten content of
29.0%) and a high-gluten flour (wet gluten content of 35.5%) (D), and honey (E), (each at four levels)
were chosen for the Taguchi experiment design (L16(4)5). Dependent parameters were the data from
texture profile analysis (brittleness, springiness, cohesiveness, gumminess, and chewiness), color
analysis (L*, a*, and b*), and sensory evaluation (appearance, aroma, bitterness, sourness, chewiness,
and overall acceptance) of the final product. Taguchi grey relational analysis successfully determined
the optimal conditions based on combined parameters (5 factors), which highlighted the advantages
of this innovative optimization technique. The result shows that the optimal formula for producing a
djulis sourdough bread with the best texture, color, and sensory qualities was A3B1C1D2E2, i.e., 20%
djulis sourdough, 0% addition of hulled djulis, 8% unsalted butter, 80% wheat flour + 20% high-gluten
flour, and 10% honey, respectively. Such a novel application could be a reference for improving
the quality of bakery products in the industry. Moreover, it seems that the new bakery product
developed in this study has good potential to be commercially produced after further nutritional and
economic analysis.

Keywords: bakery products; bread; djulis; food quality; optimization; product development; Taguchi
grey relational analysis; texture profile analysis; sensory attributes; sourdough

1. Introduction

Djulis (Chenopodium formosanum Koidz.) belongs to the Amaranthaceae family and Chenopodium
genus. According to Encyclopedia Britannica, the Amaranthaceae family includes about 175 genera
and more than 2500 species. Many species, including beets and quinoa, are considered staple food
crops, and some are cultivated as garden ornamental plants [1]. Among them, amaranth species are
located mainly in tropical and subtropical areas. Grain amaranth yields tiny seeds that can be used as
a grain to make flour, porridge, and other foods. For instance, amaranth grain can be processed to be
added into several products including baby food, cakes, and cookies. In addition, amaranth grain has
a high concentration of lysine, that is, an essential amino acid for the biosynthesis of proteins, which is
vital for human tissue development and healing. Furthermore, this grain is rich in calcium, phosphorus,
iron, potassium, zinc, vitamin E, and vitamin B-complex [2]. Previous studies have shown bioactive
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effects for species of the Amaranthaceae family [3]. For example, Sánchez-Urdaneta et al. fed rats with
breads made with amaranth (Amaranthus dubius Mart. ex Thell) flour and observed that consumption
of amaranth-enriched bread enhanced lipid profiles of rats and prevented metabolic and cardiovascular
diseases due to its hypoglycemic and hypolipidemic effects [4]. Moreover, an in vivo study revealed
that phenylpropanoid extract from Halosarcia indica (Willd.) has analgesic and anti-inflammatory
effects on Wistar albino rats [5].

In Taiwan, djulis is also called Taiwan djulis or Taiwan red quinoa and has different strains with
diverse colors. This plant has been cultivated mainly in eastern and southern areas of Taiwan (Taitung
and Pingtung) as a cereal crop and was previously used for worship purposes and decorations in
seasonal festivals by Taiwanese indigenous people (Taiwan aborigines). In recent years, physicochemical
and bioactive characteristics as well as preventive healthcare applications of this crop get attention [6].
For instance, Hong et al. demonstrated that djulis extract could protect skin from UV-induced
damage [7]. Additionally, Lee et al. found that the early stages of chemically induced colon
carcinogenesis were suppressed in mice after feeding them djulis for 10 weeks [8]. However, there is
limited information about the possibility of using this crop for developing a bakery product with
optimal characteristics.

The Taguchi method is a systematic approach for experimental design and analysis. Recently,
this approach has gained popularity to be used in various sectors of the industry for new product
development and quality improvement in an economical way. Previous work demonstrated that
the Taguchi method was used for the optimization of the conditions for submerged culture at a
laboratory-scale study and resulted in the development of an upscaled fermentation process that
could yield a high concentration of monacolin K [9]. Although the application of other optimization
approaches (e.g., response surface methodology) has been widely explored for food processing [10,11],
there are only limited studies in the literature that explored the applicability of the Taguchi method
for developing new bakery products. Moreover, it seems that the limitations of other optimization
approaches (e.g., response surface methodology; RSM) can be addressed by the application of the
Taguchi method. For example, A study conducted by Chen et al. showed the applicability of the
Taguchi technique for the quality improvement of egg–shortening cakes [12]. Basically, when applying
the Taguchi method in process optimization, the optimum combination is determined based on one
quality characteristic at a time. However, in practice, in production lines usually the process involves
more than one characteristic (multiple objectives). Consequently, the effects of non-linear interactions
between control factors exist and cannot be ignored. Therefore, the grey system theory is an approach
that can be employed to optimize multi-characteristic processes.

The theory of the grey system was proposed by Professor Deng Julong in the 1980s [13].
Grey relational analysis (GRA), procured from grey system theory, is a measurement technique to
determine the relationship between sequences through the analysis of a limited number of data [14,15].
The relational grade is defined as measuring the relevance between or two sequences or two systems and
can be used to describe the trend relationship between a reference sequence (objective or ideal sequence)
and a comparative sequence in a specific system. In such studies, a relational grade approaching 1
suggests that the reference sequence and the comparative sequence tend toward concordance. On the
other hand, a relational grade approaching 0 indicates that the reference sequence and the comparative
sequence do not tend toward concordance completely. This technique requires small quantities of
data, and the data are not restricted to specific statistical distributions, which makes GRA superior to
classical statistical methods. In previous studies, Chen et al. used GRA successfully to investigate the
adulterated cases of commercial soybean sauces [16]; Chen et al. employed GRA effectively to identify
and classify undried roselle samples frozen at −20 ◦C, and roselle samples dried correctly at 20, 50, 75,
and 85 ◦C, respectively [17]. Moreover, associating the Taguchi method with GRA has also shown a
powerful tool to optimize the multiple performance characteristics in the food manufacturing process.
Chen et al. applied the Taguchi grey relational analysis method to optimize the fish drying process
based on performance characteristics such as color measurement value (L*, a*, b*), thiobarbituric acid
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value (TBA), and shear stress value [18]. Chung et al. used a grey-based Taguchi approach to improve
beneficial monacolin K, Monascus pigment synthesis, and to decrease the adverse metabolite, citrinin,
in the fermentation of Monascus purpureus [19].

Despite the progress in the application of grey system theory in several fields, this application
of this innovative approach is an ongoing topic in the food industry. For example, the grey system
theory has not been well-explored for optimization of products such as sourdough breads, which are
believed to have improved shelf life and sensory properties such as flavor, aroma, and texture (mainly
due to fermentation by yeasts, Aspergillus, and lactic acid bacteria) [20,21]. Specifically, developing
a new djulis sourdough-based bread need a tremendous optimization that has not been explored in
the literature. Therefore, this study aims to develop a new naturally fermented bread product (djulis
sourdough bread) with acceptable palatability by utilizing the Taguchi–GRA method as an innovative
optimization approach that can serve as a potential practice for industrial baking. In this regard,
such a novel approach was utilized through an overall evaluation process for the optimization of
djulis sourdough bread manufacturing based on 14 characteristics (objectives) including attributes
obtained by texture profile analysis (TPA), measurement of L*, a*, and b* values by a colorimeter,
and sensory evaluation.

2. Materials and Methods

2.1. Questionnaire and Experimental Strategy

Thirty experienced bakers were invited to reexamine the standard formula used for making general
commercial round-top white bread set up by the China Grain Products Research and Development
Institute (New Taipei City, Taiwan) [22]. This standard formula is as follows (ratio of materials): 100%
high-gluten flour (HGF), 10% fine granulated sugar, 8% butter, 4% fresh yeast, 54% water, 12% egg, 2%
salt, and 4% milk powder. Based on the questionnaire responses, feedback, and discussions collected
from these 30 experienced bakers, five potential influential factors that would affect bakery product
quality were selected and identified for the experimental design and were then used to develop the
djulis sourdough bread. These five factors were the addition/non-addition of djulis sourdough, honey,
wheat flour (WF) or HGF, addition/non-addition of hulled djulis, and butter/oil. The abovementioned
evaluations were performed to design an experiment with a specified number of tests as well as
specified ranges for each test.

2.2. Experimental Preparation

Before running the experiment, a bunch of organic djulis was added and mixed with leftover
baguette dough for four hours to form a djulis sourdough. Then the djulis sourdough was cultured in
a refrigerator at 4–7 ◦C. Re-culturing was performed every seven days. In this regard, an appropriate
amount of djulis sourdough was added into flour and water, kept at room temperature for three hours,
and then refrigerated for the continuation of the low-temperature fermentation process.

The preparation of djulis sourdough bread was based on formulas derived from the factor/level
assignments. Three fermentation processes were conducted for djulis sourdough preparation, i.e.,
the first fermentation was run at 28 ◦C, 75% of humidity for 60 min; after cutting and rounding,
the second fermentation was run again at 28 ◦C, 75% of humidity for 15 min. Then after the appearance
shaping, 38 ◦C, 75% of humidity for 50 min were applied in the third fermentation. After fermentation,
the sourdough was baked for 35 min at 180–200 ◦C (top and bottom heat). The flow chart for making
the djulis sourdough bread is shown in Figure 1.
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Figure 1. A flow chart representing djulis sourdough bread preparation in the present study.

2.3. Materials

Djulis was collected from Machia Township (Pingtung County, Taiwan). A WF sample with a
wet gluten content of 29.0%, protein content of 10.0%, and ash content of 0.6% and an HGF with a
wet gluten content of 35.5%, protein content of 12.5%, and ash content of 0.4% were obtained from
Yuan Shan Food Co., Ltd. (Pingtung, Taiwan); Anchor unsalted butter, originally from New Zealand,
obtained from Tehmag Foods Co. (New Taipei City, Taiwan); camellia oil (Yuan Shan Food Co., Ltd.,
Pingtung, Taiwan); Italian olive oil obtained from Tehmag Foods Co. (New Taipei City, Taiwan);
lard (I-MEI Foods Co., Ltd., Pingtung, Taiwan); honey (Longan honey, The Chen’s Honey, Pingtung,
Taiwan); eggs (PX Mart, Pingtung, Taiwan); Anchor full cream milk powder, originally from New
Zealand, obtained from Yu Hsuan Inc. (Pingtung, Taiwan); salt (Yu Hsuan Inc., Pingtung, Taiwan);
charcoal-filtered water (PX Mart, Pingtung, Taiwan); and yeast (Yu Hsuan Inc., Pingtung, Taiwan).

2.4. Sensory Evaluation and Instrumental Measurement

2.4.1. Sensory Evaluation Analysis

The seven-point hedonic scale was adopted to assess the overall round-top djulis sourdough
bread acceptability. Such a test was performed by 60 participants (between 20 and 35 years old) who
were chosen randomly from students of the National Pingtung University of Science and Technology
(NPUST). Appropriate guidance and training for all panelists were provided before conducting the
sensory evaluation. Four categories of sensory attributes were stated on the score sheet as follows:
appearance, smell/taste (aroma, bitterness, and sourness), texture (chewiness), and overall acceptability.
Each item was scored between 1 and 7 (1: dislike extremely, 2: dislike moderately, 3: dislike slightly,
4: neither like nor dislike, 5: like slightly, 6: like moderately, 7: like extremely). Items could not be scored
more than once. There were a total number of 16 slices of bread that needed to be practiced by a panelist
per day. After the evaluation had been completed for one slice of bread, a 15 s interval was required
before the next practice. During each evaluation, the external appearance of the sliced bread was first
observed and scored. Afterward, the scoring was performed one by one for aroma, bitterness, sourness,
chewiness, and overall acceptability. The sensory evaluation tests were performed in triplicate (n = 3)
on three days, meaning that each member of the sensory evaluation panel (60 members) need to repeat
the tests three times on different days. The final score of each item was calculated and obtained by
averaging the three-replicate data.

2.4.2. Texture Profile Analysis

Oven-fresh round-top djulis loaves were subjected to TPA using a texture analyzer (TA-XT-Plus,
Stable Micro Systems, Ltd., Godalming, UK) based on a standard method according to approved
methods of the American Association of Cereal Chemists (AACC), as described by Amigo et al. [23].
First, each sample was sliced into 1.25-cm-thick slices, the slices at both ends were discarded, and the
slices from the middle portion of each sample were used for analysis. During the testing process,
two bread slices were stacked and analyzed using a 36-mm-diameter probe, with a compression ratio
of 25% and a probe compression speed of 5 m/s. Each type of sample was compressed four times
using eight slices from the middle portion, and data related to brittleness, springiness, cohesiveness,
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gumminess, and chewiness were recorded and calculated using the developed software (TA-XT-Plus,
Stable Micro Systems, Ltd., Godalming, UK) [24,25].

2.4.3. Colorimeter Analysis

After cooling for one hour, round-top djulis loaves were sliced into 1.25-cm-thick slices, and slices
from the middle portion of each sample were subjected to color and lightness measurements using a
colorimeter (Minolta CR 310, Konica Minolta Sensing Singapore Pte. Ltd., Jurong East, Singapore).
Color and lightness values were expressed as L*, a*, and b*, with L* representing lightness (L* for
brightest white = 100) or darkness (L* for darkest black = 0); a* representing the red/green component
(+a*: red, −a*: green); and b* representing the yellow/blue component (+b*: yellow, −b*: blue). The
average value of six measurements was used for each parameter [26].

2.5. Data Analysis Models

Analyses of multiple quality characteristics of the baked djulis sourdough bread samples were
performed using the novel combination approach, the Taguchi–GRA method, as shown in the following.

2.5.1. Taguchi Method

With the Taguchi method [27], an orthogonal array is first constructed by assigning known or
assumed control factors and noise factors. Accordingly, the optimal parameter levels are determined
with the minimum number of experiments. The orthogonal array is denoted by Ln(Xm), where n
is the number of columns of the array (i.e., the number of parameter and level combinations in the
experiment), X is the number of levels, and m is the number of rows of the array (i.e., the number
of factors). The orthogonal array used in the present study is denoted by L16(45), meaning that
five control factors with four levels were used in 16 bakery product experiments. The five control
factors used in this study were djulis sourdough (A), hulled djulis (B), butter/oil (C), Taiwan flour (D),
and honey (E). Four levels (the ratio of formula) were set for each control factor (Table 1) in which the
common ingredients were 3.5% fresh yeast, 54% distilled water, 12% egg, 2% salt, and 4% milk powder.
The selected orthogonal array L16(45) and factor/level assignments are shown in Table 2 as the mean of
three replicates.

Table 1. Parameter design factors and levels *.

Factors/Level 1 2 3 4

A. Djulis sourdough 0% 10% 20% 30%
B. Hulled djulis 0% 0.5% 1% 1.5%

C. Butter/oil (8%) Unsalted butter Camellia oil Lard Olive oil
D. WF + HGF ** WF 100% WF 80% + HGF 20% WF 60% + HGF 40% WF 40% + HGF 60%

E. Honey 8% 10% 12% 14%

* The common ingredients were 3.5% fresh yeast, 54% distilled water, 12% egg, 2% salt, and 4% milk powder.
** WF: wheat flour; HGF: high-gluten flour.

2.5.2. Calculation of S/N (Signal-to-Noise Ratio) Values

Experimental data of those multiple quality characteristics in the orthogonal table were used to
calculate the signal-to-noise ratio (S/N ratio, η). The S/N ratio did create a transformation function
of the repetition data to another value and was used as a measure of the variation present in
the experiment. S/N is a function indicator that measures performance, with higher S/N values
indicating smaller quality losses. There are three types of quality characteristics for S/N values:
nominal-the-best, smaller-the-best, and larger-the-best. In this study, we aimed to find the optimal
operational parameters for the manufacturing of djulis sourdough bread retaining taste, nutrients,

157



Foods 2020, 9, 1149

and supple flavors. Accordingly, the larger-the-best loss function was, therefore, used to calculate the
S/N ratio as described in Equation (1).

η = −10 log

⎛⎜⎜⎜⎜⎜⎝1
n

n∑
i=0

1/y2
i

⎞⎟⎟⎟⎟⎟⎠ (1)

where yi is the ith value of the quality attribute, and n is the number of trials.

Table 2. L16 (45) orthogonal array and factor/level assignments *.

Factor/Level L16 (45) A B C D E

1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 2 1 2 3 4
6 2 2 1 4 3
7 2 3 4 1 2
8 2 4 3 2 1
9 3 1 3 4 2
10 3 2 4 3 1
11 3 3 1 2 4
12 3 4 2 1 3
13 4 1 4 2 3
14 4 2 3 1 4
15 4 3 2 4 1
16 4 4 1 3 2

* A: djulis sourdough; B: hulled djulis; C: butter/oil (8%); D: wheat flour + high-gluten flour; E: honey.

2.5.3. Algorithm of GRA

GRA was used to develop multiple quality characteristics of the djulis sourdough bread, to assess
the optimal combination of parameters that best satisfies all the quality characteristics and to proceed
with overall evaluation. These quality characteristics (dependent parameters) include color values,
sensory attributes, and textural property. Data pretreatment was performed before employing GRA
for data normalization, i.e., normalizing the raw data or their S/N ratios in the range of 0–1. All these
characteristics and their S/N ratios were in the nature of the larger-the-better characteristics.

According to the literature [12,13,16,17], normalized functions could firstly be represented as
Equation (2).

X∗i (k) =
Xi(k) −min[Xi(k)]

max[Xi(k)]−min[Xi(k)]
(2)

where X∗i (k) is normalized raw data, X∗i (k) is a comparative sequence with kth entities, i = 1, . . . ,
m; k = 1, . . . , n; and max[Xi(k)] and max[Xi(k)] are the maximum and minimum ones in the
comparative sequence.

The grey relational grade (GRG) could depict the degree of relationship between a reference
sequences (objective sequence or ideal sequence) and a comparative sequence in which it is comprised
of 14 characteristics including attributes obtained by TPA; measurement of L*, a*, and b* values;
and sensory evaluation. Equations (3)–(5) were used for the calculations related to GRA.

Let X0 (k) be the reference sequence with kth entities, that is,

X0 (k) = {x0 (1), x0 (2), . . . , x0 (n)}, (3)

where k = 1, 2, 3, . . . , n.
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Let X*j (k) be the compared sequence; each X*j possess the same number of entities as X0, that is,

X*j(k) = {x*j (1), x*j (2), . . . ,x*j (n)}, (4)

where k = 1, 2, 3, . . . , n.
The grey relational coefficient between the reference sequence of X0 and the compared sequence

X*j and at the kth entity are described in Equation (5):

γ
(
X0(k), X∗ j(k)

)
=

Δmin + ξΔmax
Δ0 j(k) + ξΔmax

(5)

where

i. Δ0 j(k) is the absolute difference value between X0 and X*j at the kth entity, that is,
Δ0 j (k) =

∣∣∣x0(k) − x∗ j(k)
∣∣∣,

ii. Δmax =
max∀ j

max∀k Δ0 j (k),

iii. Δmin =
min∀ j

min∀k Δ0 j (k),
iv. ξ ∈ [0, 1] is the distinguishing parameter in controlling the resolution between Δmax and Δmin.

For this case, the value of 0.5 was selected.

The optimal settings of process parameters combine multiple quality characteristics into one
integrated numerical value, that is, GRG. This parameter for the sequence of X*j is represented in
Equation (6).

Γ0 j = Γ
(
X0, Xj

)
=

n∑
k=1

wkγ
(
X0(k), Xj(k)

)
(6)

where Wk is the kth weighting of γ0 j.
The value of the GRG (Γ0j in Equation (6)) represents the level of similarity between the comparative

sequence X*j (the jth of the experimental trials) and the referential sequence X0. The GRG of each
experimental trial can be treated as a response (Γj) for each row of the orthogonal array of Table 2.
The response graph can be set up by grouping the response values of the corresponding same factor
levels of the column in the array, taking the sum, and dividing by the number of responses, as follows:

Lj =

∑n
j=1 Γ j

n
(7)

where Γj is the response value of corresponding same factor levels of the column in the array, Lj is the
mean response of the corresponding factor level.

2.6. Statistical Analysis

All the experiments were analyzed in triplicate. The analysis of variance (one-way ANOVA) was
applied to the date to determine the significance of influences of control factors used for making djulis
sourdough bread and was performed using an SPSS Statistics V.22.0 for Windows Statistical package
(IBM Corporation, Armonk, NY, USA). The differences were significant statistically when p < 0.05
using the Duncan multiple range tests.

3. Results and Discussion

3.1. Appearance and Bread Volume

Sixteen round-top djulis sliced bread samples were prepared using different formulas based on the
L16(45) orthogonal array and factor/level assignments (Tables 1 and 2). These samples were numbered
as samples No. 1–16 as can be seen in Figure 2. The first four types of bread in Table 2 (samples No.
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1–4 in Figure 2) were prepared without the addition of djulis sourdough. The average length, width,
and height of these bread were 30.3, 10.3, and 13.1 cm, respectively. The other 12 types of samples that
were prepared with the addition of djulis sourdough (samples No. 5–16 in Figure 2) had smaller sizes,
that is, the average length, width, and height of these sourdough breads were 29.9, 10.0, and 11.88 cm,
respectively. These observations suggest that the incorporation of djulis in the sourdough bread may
reduce the loaf rising. Similarly, previous studies showed that change in the formulation may affect
the loaf volume [28,29]. Such changes could be related to several parameters including the effect of the
formulation on the gluten network as well as on the fermentation process.

 

Figure 2. Sixteen numbered round-top djulis bread sliced samples (No. 1 to No. 16) made of different
formulas as described in Table 2. No.: number.
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3.2. Sensory Evaluation, Texture, and Color Analysis

The raw sensory data from questionnaires (Supplementary Materials; Figure S1) were used to
calculate the results of the sensory evaluation of the 16 sliced bread samples (Table 3). According to the
results, the trial No. 9 (20% djulis sourdough, 0% addition of hulled djulis, 8% lard, 40% WF + 60% HGF,
and 10% honey) consistently gained higher scores on sensory attributes, including appearance, aroma,
bitterness, sourness chewiness, and overall acceptance (Table 3). As djulis would release a bitter taste,
the sensory evaluation of trial No. 9 showed the highest score on bitterness (less bitter, in the level of
like slightly). In terms of sourness, sample No. 9 got the highest score, which showed that incorporation
of djulis in the formulation can affect the sourness of the bread. This could be related to both the direct
effect of djulis on the final taste of the product as well as its effect on the fermentation process and
fermentation products. Similarly, for the appearance the bread, the sensory evaluation team preferred
the appearance of sample No. 9. As can be seen in Figure 2, this sample has a unique distribution
of air bubbles and color, which is related to the different formulation compared to other samples.
Additionally, the panelists found sample No. 4 more chewy, which is in line with the observation about
the air bubble distribution (Figure 2) as well as the reduced volume of the sample. This observation
depicted that the sensory panelists in this study did not like bitterness in djulis sourdough sliced bread.
Nevertheless, it could not be concluded that trial No. 9 was the best product among all bread samples
only based on these sensory observations. Objective criterion data from instrumental analyses such
as TPA and colorimeter analysis are also equally crucial parameters that should be included in the
calculation (Table 3). In other words, an overall evaluation, based on both sensory and instrumental
data, is necessary to determine the best set among others. In such cases, different results might be
generated depending on the objectives of interest. According to the instrumental data, the addition
of djulis affected the color values and textural properties of the final product. It was observed that
the addition of djulis can alter the bread color values. Moreover, the instrumental texture analysis
data were in line with those of the sensory evaluation. For example, similar to the panelists, TPA also
confirmed that sample No. 9 is among the chewiest samples. The results of the present study were
in line with those reported in the literature. For example, researchers observed a notable impact of
formulation on the textural attributes of bread [28,29].

3.3. Calculation of S/N Values of Quality Characteristics

Table 3 shows data on the 14 quality characteristics obtained from sensory evaluation, texture
analysis, and colorimetric analysis. Using the Taguchi method, the values of quality characteristics
were transformed into S/N values (Table 4), which were then used to determine a formulation with
the best quality and lowest variance. When the Taguchi method is used for process optimization,
in some cases, a single quality characteristic is set as the target. As a result, experimental results can be
shown as a simple linear relationship through the calculation of S/N values, and the best experimental
combination can be directly determined from the response graph of the Taguchi orthogonal array.
However, in practical production lines of the bakery industry, the investigation of a single quality
objective is extremely rare. It means that, for food processing and product development, a number of
parameters affect the overall quality of the product. Therefore, process optimization based on a single
quality parameter usually cannot provide practical information for the industry. In the present study,
16 experimental trials with multiple quality objectives had to be investigated at a time. As the different
quality characteristics had different units and attributes, data incomparability existed in the sequences.
Therefore, data preprocessing was required to convert the data of the sequence with distinct scale and
dimension into ones having a consistent unified scale and no dimension. The optimization practice in
this study has successfully taken into account various processing and quality parameters. Therefore,
the grey relational analysis could be employed with available comparable sequences [17].
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3.4. Grey Relational Analysis

Before using GRA, the S/N values of the various quality characteristics were preprocessed and
converted into normalized values ranging from 0 to 1 through Equation (2), as shown in Table 5.
The normalized data possessed good consistency and satisfied the three basic conditions for sequence
comparison mentioned in the previous section. As the larger-the-best S/N values were calculated for
the multiple quality characteristics of the present study, the value of the reference sequence for GRA
was set to 1. Therefore, the normalized GRG closer to 1 in the sequence indicated greater closeness to
the target value.

With the calculation of GRG, the distinguishing coefficient ζ is set within the range of zero to one
(0 < ζ ≤ 1). This ensures that the maximum sequence difference Δmax does not become excessively
large and causes a loss of the influencing power of the minimum sequence difference Δmin. Although
excessively high or low values of ζ will lead to linear biases in data [13], the main function of ζ is to
adjust the degree of contrast between the background value and the object being tested. Therefore,
the value can be adjusted based on actual needs, as changes in the value of ζ only lead to changes in
relative values without affecting the order of the GRG [13]. In the present investigation, a value of 0.5
was used for ζ.

Weightings were assigned to the quality characteristics. Fourteen quality characteristics, including
appearance, smell/taste (aroma, bitterness, and sourness), texture (chewiness), overall acceptance, TPA
attributes (gumminess, chewiness, brittleness, springiness, and cohesiveness), and colorimetric values
(L, a*, and b*), were classified into four categories based on the characteristics preferred by consumers
who purchase bakery products, and a weighting of 1/4 was assigned to each category (Table 6).
The reference sequence (ideal values) was chosen as X0 (k) = (1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1), in which
all 14 characteristics employed the concept of the larger-the-better for this work. All 16 sequences were
treated as comparative sequences, and each sequence was composed of 14 characteristics (entities).
The GRGs of 16 comparative sequence, which were calculated according to Equations (2) and (6),
are presented in the last column of Table 6. Then, the grey relational analysis user interface was
developed accordingly, to perform computer computing instead of manual calculation (Figure 3).
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Figure 3. (A) First three results obtained directly from the GRA user interface; (B) last three results
obtained directly from the GRA user interface.
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3.5. Parameter Optimizaion

3.5.1. Optimal Factors and Levels

The larger the GRG, the closer the product quality to the objective value. For instance, in Table 6,
experimental trial No. 9 seems to be acceptable and closer to the reference sequence (ideal sequence),
in which the highest GRG, 0.8675, was obtained. Accordingly, the order of trials (No. 1–No. 16) was
rearranged as No. 9 (0.8675) >No. 11 (0.7131) >No. 13 (0.7026) >No. 1 (0.6163) >No. 16 (0.6016) >
No. 10 (0.5861) >No. 14 (0.5855) >No. 6 (0.5710) >No. 2 (0.5439) >No. 3 (0.5354) >No. 11 (0.5290)
> No. 15 (0.4930) > No. 12 (0.4881) > No. 8 (0.4839) > No. 4 (0.4690) > No. 5 (0.4597). However,
non-linear interrelations were observed between the processing parameters in bakery manufacturing.
A previous investigation showed that the mean GRG of each experimental trial could be regarded as
the response and processed to determine optimal combinations of process parameter levels when a
system with multiple performance characteristics is evaluated [18].

Based on the L16(45) orthogonal array (Table 2), the GRG for all 16 experimental trials (Table 6),
and Equation (7), mean responses of the control level were calculated by taking the sum of the same
levels in the column divided by the number of levels. For instance, values of A1, A2, A3, and A4
were 0.541 ((0.6163 + 0.5439 + 0.5354 + 0.4690)/4), 0.511 ((0.4597 + 0.5710 + 0.5290 + 0.4839)/4), 0.664
((0.8675 + 0.5861 + 0.7131 + 0.4881)/4), and 0.596 ((0.7026 + 0.5855 + 0.4930 + 0.6016)/4), respectively.
Likewise, mean responses were calculated for all factor levels of B, C, D, and E to generate a response
graph (Figure 4). In this response graph, the highest value of the level for each factor represents the
strongest effect. Therefore, optimal parameters were selected based on the highest response values in
Figure 4, which were A3 (20% djulis sourdough), B1 (0% addition of hulled djulis), C1 (8% unsalted
butter), D2 (80% WF + 20% HGF), and E2 (10% honey). The suggested condition (A3B1C1D2E2) is a
generated optimal factor-level combination, which is not among the 16 experimental trials that are
listed in Table 2. Although the present study mainly focused on the technological, physical, and sensory
properties of the newly developed djulis sourdough bread, it should be noted that the new product
developed in the present study can possess unique nutritional values considering previous reports
about the bioactive effects of djulis [7]. Further investigation about the nutritional profile, bioactive
effects, and potential healthcare applications of this product can be investigated in future studies.
Similarly, studies regarding the properties of sourdough bread incorporated with other strains of djulis
can be suggested as researchers showed that bread ingredients (e.g., wheat flour) originated from
different locations possess various bioactive compounds that can affect the nutritional characteristics
of the final product, which might be the case for djulis sourdough bread [30].

3.5.2. ANOVA Analysis

The results of ANOVAs indicate the degrees of influence over multiple quality characteristics
(Table 7). As GRA provides a comprehensive analysis of the various characteristics, in the way of
balanced consideration of the point of view of consumers, the influences of conflicting factors had already
been weakened during the analysis process. Table 7 shows that all five factors (addition/non-addition
of djulis sourdough, addition/non-addition of hulled djulis, butter/oil type, WF + HGF, and honey)
significantly influenced the quality characteristics of the naturally leavened sourdough bread developed
in the present study.
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Hulled djulis Butter/Oil WF/HGF Honey 

Figure 4. Response graph of grey relational grades of djulis sourdough bread. WF: wheat flour; HGF:
high-gluten flour.

Table 7. The summary of ANOVA results.

SS * DF ** Variance F-Ratio Confidence (%) Significant

A 0.1622 3 0.0541 116.98 100.00% ***
B 0.1399 3 0.0466 100.91 100.00% ***
C 0.1280 3 0.0427 92.32 100.00% ***
D 0.0379 3 0.0126 27.33 100.00% ***
E 0.0584 3 0.0195 42.14 100.00% ***

Error 0.0148 32 0.0005
Total 0.5411 47

* SS: sum of squares. ** DF: degrees of freedom. *** p < 0.001.

4. Conclusions

The present study demonstrated that a combination of Taguchi and grey relational analysis, i.e.,
a Taguchi–GRA approach, could be employed to investigate the effects of processing parameters on the
quality of djulis sourdough bread and to identify the optimal settings for manufacturing new bakery
products when multiple characteristics are involved. Such multiple characteristics of bread (e.g., aroma,
color, and texture) are important for consumers. At this moment, it seems that no systematic approach
has been implanted in the bakery industry that can consider multiple objectives at a time for developing
new products. Therefore, the Taguchi–GRA approach, which was explored in this study, could be a
prospective optimization technique that can be implemented in the bakery and other sectors of the food
industry. The novel Taguchi–GRA approach introduced in this study could provide a reference of the
basis for the enhancement of consumer-oriented products in the bakery industry. Furthermore, it was
depicted that, sometimes, sensory evaluation could not be the only decisive approach to determine the
optimal bakery products. Therefore, a combination of instrumental and sensory analysis can provide
realistic data to develop a product with optimal quality parameters. Further studies in the nutritional
aspects of such an innovative product can be suggested for future studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/9/1149/s1,
Figure S1: The raw sensory data from questionnaires.
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Abstract: The addition of flaxseed and amaranth on the physicochemical, functional, and
microstructural changes of instant-extruded products was evaluated. Six mixtures with different
proportions of amaranth (18.7–33.1%), flaxseed (6.6–9.3%), maize grits (55.6–67.3%) and minor
ingredients (4.7%) were extruded in a twin-screw extruder. Insoluble and soluble fiber contents in
extrudates increased as the proportions of amaranth and flaxseed increased. However, the highest
flaxseed proportion had the highest soluble fiber content (1.9%). Extruded products with the highest
proportion of flaxseed and amaranth resulted in the highest dietary fiber content and hardness values
(5.2 N), which was correlated with the microstructural analysis where the crystallinity increased,
resulting in larger, and more compact laminar structure. The extruded products with the highest
maize grits proportion had the highest viscosity, expansion, and water absorption indexes, and the
lowest water solubility index values. The mixtures with amaranth (18.7–22.9%), flaxseed (8.6–9.3%),
and maize grits (63.8–67.3%) resulted in extruded products with acceptable physicochemical and
functional properties.

Keywords: extruded products; flaxseed; amaranth; dietary fiber; extrusion-cooking

1. Introduction

Currently, an increasing trend in the demand for processed foods that include pro-health
compounds such as soluble fiber is occurring due to evidence of potential health benefits to consumers.
Reduction in various types of chronic diseases such as cancer, cardiovascular disease, type II diabetes,
and various gastrointestinal disorders are among them [1]. The development of products and processes
that incorporate high-fiber ingredients without altering the physical, functional, and sensory properties
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of the processed foods are of interest and desirable to meet current consumer trends. A technological
alternative for the incorporation of ingredients in processed products is the extrusion-cooking process,
a very versatile technique widely used for the development of breakfast cereals and instant foods [2].
Some extruded products marketed as breakfast cereals have significant caloric value. One of the
strategies that has allowed the food industry to reduce the energetic density and produce more healthy
products has been the incorporation of dietary fiber. However, the addition of dietary fiber during
extrusion, especially if it is insoluble, results in products with less expansion and crispness and
a higher bulk density and hardness, which are properties less preferred by consumers [3]. These
characteristics can be explained by the interactions of fiber with starch that impact the mechanisms
of starch gelatinization. These, in turn, are related to water absorption of the extrudates and other
physicochemical transformations that occur during extrusion, such as viscoelastic properties associated
with the stabilizing membranes of the bubbles formed during bubble growth in the final product [4].
Adding insoluble fiber to extruded products has been shown to decrease the proportion of starch in
the food matrix, thereby reducing the water absorption capacity and, in turn, the viscosity caused by
the gelatinization of the starch, which results in a reduction in the expansion of the final product [3].
A sectional reduction in the expansion of extruded products had been reported by Brennan et al. [5],
due to an increase in insoluble fiber results in structures with a high number of small cells and a
high cell density. Several authors reported that the bulk density is increased by adding insoluble
fiber to extruded products [5,6]. Also, it has been reported that extrusion process causes significant
effects on the dietary fiber content, as breakage of structural polysaccharides or complex carbohydrates
formation [3]. These effects include the formation of resistant starch that may occur during extrusion
and the formation of covalent interactions between macronutrients and insoluble components (such as
insoluble fiber) that make the extrudates indigestible by amylase or protease activity [7].

The development of ready-to-eat products with high fiber content (6 g of fiber/100 g of product) [8],
is based on the use of ingredients that meet this requirement and at the same time, provide numerous
health benefits. Flaxseed and amaranth have been used specifically in extruded products due to their
health benefits for consumers, but, usually, they are used individually [9–13]. Amaranth contains a
good balance of amino acids, including the essential amino acid lysine, which is present in limited
amounts in most cereals [14,15]. Flaxseed is low in carbohydrates (sugars and starches), high in
fiber and protein, and rich in polyunsaturated fatty acids, particularly alpha-linolenic acid (ALA or
ALN) and linoleic acid (AL), known as omega-3 and omega-6 essential fatty acids, respectively [16,17].
An important component of these two grains is soluble fiber, considered a functional ingredient because
it generates high-viscosity products by causing the gelation of chyme. Chyme acts as a network to
capture glucose and cholesterol molecules in their passage through the gut, hindering their absorption
and thereby decreasing blood glucose and cholesterol levels, resulting in beneficial health effects [18].

Despite the health benefits of amaranth and flaxseed, little information has been reported on the
combined effect of both ingredients on the physicochemical and functional properties of extruded
products. Therefore, the aim of this study was to develop an extruded product with high-fiber
ingredients and to evaluate the effects of the addition of flaxseed and amaranth on the physicochemical
and functional properties of instant-extruded products.

2. Materials and Methods

2.1. Materials

Grains of amaranth (Amaranthus hypochondriacus L.), flaxseed (Linum usitatissimum L.) and minor
ingredients such as sucralose, cocoa, and cinnamon were obtained from a local distribution store
(Chihuahua, Chihuahua, Mexico). Also, maize grits number 4 (GPC, Muscatine, IA, USA) was used for
the extrusion food matrix. The amaranth and flaxseed grains were milled in a roller mill (Zhengzhou
Chengli Grain & Oil Machinery Co., Ltd., model 6F-2240, Zhengzhou, China), separately and sieved in
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a mesh number 35 (model RX-24, Tyler industrial products, Mentor, OH, USA) to obtain a particle size
of 0.5 mm. All materials were stored in plastic bags at room temperature until their use.

2.2. Chemicals

Hydrochloric acid 37.2%, sulfuric acid 97.9%, hexane 99.8%, ethanol 99.9%, and boric acid 99.5%
were all analytical grade and obtained from J.T. Baker (Mexico City, Mexico). Analytical grade sodium
hydroxide (97.0%) was obtained from Sigma-Aldrich (St. Louis, MO, USA). The selenium reaction
mixture was obtained from Merck (Darmstadt, Germany). The kit for soluble and insoluble dietary
fiber was obtained from Sigma-Aldrich (St. Louis, MO, USA) [19].

2.3. Methods

2.3.1. Mixtures Preparation

Different proportions of amaranth and flaxseed flours were mixed with maize grits and fixed
minor ingredients (sucralose, cocoa, and cinnamon). The ingredients were mixed in an industrial
mixer (Bathammex, Mexico City, Mexico) for five minutes obtaining six different mixtures as shown
in Table 1. The proportion of each ingredient in each mixture was determined considering fat and
crude fiber contents around 5.6% and 2.5%, respectively; this according to the literature [2,20] to obtain
extruded products with acceptable physicochemical and sensory characteristics.

Table 1. Proportion of ingredients of the different mixtures *.

Treatment Flaxseed (%) Amaranth (%)
Maize Grits

(%)
Minor Ingredients (%)

Mixture 1 8.2 24.7 62.4 4.7
Mixture 2 7.3 29.3 58.7 4.7
Mixture 3 6.6 33.1 55.6 4.7
Mixture 4 9.3 18.7 67.3 4.7
Mixture 5 8.6 22.9 63.8 4.7
Mixture 6 7.9 26.4 61 4.7

* Minor ingredients: sucralose (1.6%), cocoa (2.5%), cinnamon (0.6%).

2.3.2. Extrusion Process

For the extrusion process, we used a twin-screw corotating extruder (BCTM-30, Bühler, AG,
Uzwil, Switzerland) with a 600 mm length, a length to diameter ratio (L/D) of 20:1, a die opening of
4 mm, the screw configuration was selected specifically to create high levels of shear. The mixtures
were fed to the extruder at a rate of 7.5 kg/h and were processed at a speed of 272 rpm at moisture
content of 0.22 kg water/kg dry matter, which was adjusted within the extruder, at a temperature of
150 ◦C. It was controlled at the final stage of the extruding chamber by using a TT-137N water heater
(Tool-temp, Sulgen, Switzerland). All extrudates were dried at 120 ◦C for 15 min in an air convection
oven (Electrolux 10 GN/1, Stockholm, Sweden) at air cross-flow velocity of 1.5 m·s-1 until the extrudates
reached a range moisture level of 0.017–0.031 kg H2O·kg ss−1. The extrudates were packed and stored
at room temperature (25 ◦C) until evaluation.

2.4. Analytical Methods

2.4.1. Proximate Analyses

The starting materials and extruded products were analyzed for moisture, protein, fat, crude
fiber, and ash content according to methods 950.02, 960.52, 920.39, 962.09, and 923.03 of AOAC [19],
respectively. Carbohydrates mass was calculated by difference. The analyses were carried out in
triplicate for each treatment, and the results were expressed in g/100 g.
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2.4.2. Insoluble and Soluble Dietary Fiber

The insoluble and soluble fiber in the ingredients, the mixtures and the extruded products were
determined with the total dietary fiber assay kit (Sigma-Aldrich, St. Louis, MO, USA) according to
method 991.43 of AOAC [19]. The analyses were carried out in triplicate for each treatment, and the
results were expressed in g/100 g.

2.5. Functional Properties of the Extruded Products

2.5.1. Water Absorption and Water Solubility Indexes

The water absorption index (WAI) and water solubility index (WSI) were determined in triplicate
following the procedures described by Anderson et al. [21]. The methods measure the quantity of
water incorporated in the flour and the soluble solids that dissolve in water at 30 ◦C. Samples were
weighed (2.5 g) into plastic tubes and mixed with 30 mL of distilled water. The samples were manually
shaken, the slurries were centrifuged for 10 min at 3200× g (Thermo IEC model CL3-R, Thermo
Scientific, Waltham, MA, USA), and the supernatant was decanted into pre-weighed porcelain capsules.
Capsules were dried for 24 h at 105 ◦C and weighed. The gel remaining in the tubes after decanting
the supernatant was weighed. The ratio between gel-forming solids and soluble solids was measured
as grams of water per gram of flour. The WAI was calculated as a percentage of remaining gel weight
compared to the pre-dried weight from the extruded products. The WSI was calculated as a percentage
of the dried supernatant weight compared to the pre-dried weight from the extruded products.

2.5.2. Bulk Density

The bulk density (BD) was determined according to Jin et al. [22] in which the ground extrudate
(40/60 mesh) was poured into a cylindrical container. Excess extrudate was scraped off, and the net
weight of the powder was divided by the volume of the container. Bulk density was expressed in
kilograms per liter (kg L−1). The analysis was performed in triplicate, and mean values were reported.

2.5.3. Expansion Index

The expansion index (EI) was reported as the ratio of extruded product diameter and the diameter
of the die hole [23]. Values were reported as means of 60 measurements.

2.6. Physical Properties of the Extruded Products

2.6.1. Textural Measurement: Hardness and Crispness

The evaluation of the hardness and crispness of the extrudates was performed according to the
method described by Ding et al. [24], and carried out using a Texture Analyzer TA.XT (Texture
Technologies Corporation, Scarsdale, New York/Stable Micro Systems, Haslemere, Surrey, UK)
configured with a 2 mm punch at a crosshead speed of 5 mm/s and a travel distance of 15 mm.
Twenty-four extruded unit samples were taken randomly from each treatment and analyzed. A force
time curve was recorded and analyzed by the Texture Exponent 32 (Surrey, UK) program to calculate
the maximum force (N) to determine the hardness and the area under the curve (N/mm) to determine
the crispness.

2.6.2. Pasting Properties of the Extruded Products

The amylographic viscosity profile was determined according to Sánchez-Madrigal et al. [25],
with some modifications, using a Rapid Visco Analyzer (RVA SUPER 4 (Newport Scientific,
Sydney, Australia). Flour sample suspensions were prepared by weighing 4 g of milled and dried
(50 ± 2 ◦C, 12 h) extrudates with a 7.5 to 8.5% moisture content and a small particle size (0.25 mm)
into an RVA canister and individually adjusting each sample to a total weight of 28 g using distilled
water. The rotating paddles were held at 50 ◦C for 1 min to stabilize the temperature and ensure
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uniform dispersion and heated to 92 ◦C at a rate of 5.6 ◦C/min, which was held constant for 5 min.
The dispersion was cooled to 50 ◦C at the same rate and was held at 50 ◦C for 1 min. The maximum
viscosity (MaxV) at 92 ◦C, the minimum viscosity (MinV or lowest viscosity at the end of heating
constant period at 92 ◦C) and the final viscosity (FinV attained during cooling to or holding at 50 ◦C)
were recorded. The total setback viscosity or viscosity of retrogradation (final viscosity minus minimum
viscosity) was calculated from these parameter values. The viscosity with RVA was obtained in RVU
units (1 RVU = 10 centipoises). Each treatment was performed twice.

2.7. Scanning Electron Microscopy

This analysis was performed according to the method described by Sánchez-Madrigal et al. [25].
Flours of each extruded cereal with a particle size <0.15 mm and a moisture content of 1% were stuck
to stubs and coated with a gold layer in a high vacuum using a Denton vacuum evaporator (Desk
II), set to a pressure of 7.031 × 10−2 kg cm−2. The samples were examined using a scanning electron
microscope (JSM-5800LV, JEOL, Akishima, Japan) equipped with a secondary electron detector at an
acceleration rate of 10 kV.

2.8. Statistical Methods

A univariate analysis of variance was performed adjusting a model that included the main effects
and their interaction (Minitab 16). When the effect of the interaction factor or the main effects was
significant (α 0.05); means comparison was performed by Tukey’s test [26].

3. Results and Discussion

3.1. Raw Materials Characterization

Proximate analysis showed a significant difference (p < 0.05) between the raw materials for each
of the components (Table 2) and indicated that they were of high nutritional value. Is important to
highlight that flaxseed had the highest protein, fat, and fiber content, with the lowest carbohydrate
content. Whereas the amaranth had protein content twice as maize grits. These values (%) are
consistent with those reported in the literature [16,27], where amaranth contains a good balance of
amino acids, including lysine, an essential amino acid that is not found in most cereals [14]. Flaxseed
has been reported to be low in carbohydrates (sugars and starches), high in quality protein, fiber and
rich in polyunsaturated fatty acids [16]. Maize grits were the main source of carbohydrates, as shown
in Table 2. Meanwhile amaranth and flaxseed showed the highest dietary fiber contents (Table 3), these
results agree with Morris [16] and Cervantes [27]. The soluble fiber content in the ingredients was in
the following relevance order: flaxseed (9%), amaranth (1.3%) and maize grits (0.71%).
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3.2. Extrudate Characterization

Proximate analysis of different extruded products is shown in Table 2. Chemical characteristics
were significantly affected (p < 0.05) for amaranth and flaxseed additions. The extruded products
had high percentage of protein compared to other commercial extruded cereals, which typically have
protein content between 5 and 8% [28]. This is due to the contributions of protein of amaranth (17.4%)
and flaxseed (22.4%) (Table 2). Similar protein content for extruded amaranth with maize grits were
reported [10]. The addition of amaranth could lead to a good balance of amino acids because it contains
lysine, an essential amino acid, which is not found in most cereals [14]. Whereas flaxseed protein is
rich in arginine, aspartic acid and glutamic acid and deficient in lysine [16].

The extrudates had a desirable crude fiber content (<2%; Table 2), with acceptable physicochemical
and sensory characteristics for the consumer without a negative effect on the caloric and nutrient
content, which could especially benefit young children [2]. Additionally, the fat content in all extruded
products was below the minimum acceptable value of 5.6% [20] to reach desirable characteristic in
extruded products. From the nutritional point of view (<5%) a low-fat product was obtained.

3.3. Dietary, Insoluble and Soluble Fiber

Table 3 shows the soluble and insoluble fiber content of the different mixtures before being
subjected to the extrusion process. The addition of flaxseed significantly affected the soluble and
total dietary fiber content. After the extrusion process of the mixtures, the results for the dietary fiber
content showed a significant difference between treatments (p < 0.05), indicating that variation in the
proportions of ingredients (amaranth and flaxseed) and their interaction, significantly affected the
content of insoluble and soluble fiber in extruded products (Figure 1). Additionally, it was observed
that the extrusion process caused an increase in the soluble fiber content and a decrease in insoluble fiber
compared to the non-extruded mixtures (Table 3, Figure 1). The extruded products from the mixtures
3, 4, and 5 had the highest percentage of soluble fiber but they did not present a significant difference.
This can be explained by the fact that extrudates 4 and 5 had the highest content of flaxseed (9.3% and
8.6% respectively), which is a significant source of soluble fiber, reaching up to 9% (Table 3). In turn,
extrudate 3 had the highest percentage of amaranth and flaxseed (41.7%), which resulted in high soluble
fiber content. The rest of the extrudates (mixtures 1, 2 and 6) had a low percentage of soluble fiber
without showing significant differences among them (Figure 1) because they had low percentages of
flaxseed. Various studies had shown that dietary fiber, especially soluble fiber in extrudates, increases
when they are subjected to the extrusion process [29]. Additionally, other biomolecules such as starch
undergo structure changes, leading to the formation of resistant starch, another possible mechanism
causing the increase in fiber during the extrusion process [7]. On the other hand, total dietary fiber
content could decrease due to the fact that during the extrusion process, shear stress caused by high
screw speed, combined with high process temperatures causes chemical bond breakage from complex
carbohydrates, releasing molecules as xylose, glucose, arabinose, oligosaccharides, and, preferentially,
slightly branched arabinoxylans which are solubilized [29,30]. Similarly, this decrease in total dietary
fiber content could be observed in some of our treatments.

A food product is considered high in dietary fiber when it contains >6% [8]. Therefore, the
extruded products presented high fiber content (Figure 1), due to the addition of amaranth and flaxseed,
which contain a high percentage of dietary fiber; 13.1 and 59.6% respectively (Table 3).
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Figure 1. Insoluble and soluble dietary fiber content of extruded products. Means ± standard error
(SE). SE insoluble fiber, 0.2; SE soluble fiber, 0.05. Means by columns and colors with different letters
show significant differences based on contrast tests (p < 0.05).

3.4. Water Absorption and Water Solubility Indexes

The WAI in the extruded products was significantly affected (p < 0.05) by the addition of flaxseed
and amaranth and their interaction, in the mixtures (Table 4). The extruded cereal from mixture 4 (9.3%
flaxseed, 18.7% amaranth, and 67.3% maize grits) resulting in high WAI values due to its high maize
grits (cornstarch) content which, during the extrusion process, undergoes pronounced changes in
gelatinization properties, favoring a higher water absorption. This is consistent with the amylographic
viscosity profile, where the extrudates with the highest values of viscosity have the highest values
of WAI (Figure 2). On the other hand, low WAI values resulted for extrudate from mixture 3 (6.6%
flaxseed, 33.1% amaranth, and 55.6% maize grits), which had the lowest maize grits (cornstarch)
content but the highest proportion of high-fiber ingredients (39.7% amaranth and flaxseed). Similar
results were obtained in extrudates from mixtures 2 and 6 (Table 4). Similar effects of fiber addition
on extruded products were reported by Altan et al. [31] for the extrusion of barley mixtures with
tomato pomace.

Figure 2. Amylographic viscosity profile of extruded products obtained with Rapid Visco
Analyzer (RVA).

WSI is an indicator of the degradation of molecular components: an example is the amount of
soluble polysaccharide of starch released after extrusion, which is a measurement of the degree of
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conversion of starch during extrusion [24]. Table 4 shows significant effects on the WSI of the extruded
products by the addition of amaranth and flaxseed, in the mixtures. Extrudates from mixtures 2, 5, and
6, with a high fiber content (Table 4), had the highest WSI values (0.5). Whereas the extrudate from
mixture 1, with a low fiber content, and the extrudate from mixture 4, with a high starch content, had
the lowest WSI values (0.46 and 0.45, respectively). The increase in the fiber content caused an increase
in the WSI values, which can be attributed to the rupture of the structural polysaccharides by the
extrusion process [29,30]. A similar finding was reported by Ganorkar et al. [13] and Altan et al. [31].

3.5. Bulk Density

The bulk density in extruded cereals shows significant changes (p < 0.05) due to the addition
of the ingredients in the mixtures (Table 4). The extrudate from mixture 6, with a high fat content,
presented the lowest density value: this can be attributed to the fat’s low-density and the oil contained
in cereals, which are emulsified during extrusion due to the high pressure reached during the process.
The fine drops of fat are coated by starches and proteins, leaving the fat encapsulated and causing a
decrease in the density [32]. The extruded products from the mixtures 2 and 4 were high in protein and
presented the highest density values. The rigid tertiary structure, high cohesiveness, high molecular
weights, and structural functions in cereal proteins such as corn, can increase the density of food
products [33]. Ryu et al. [23], reported that the density of an extruded product is strongly affected by
water, fiber, fat, and starch content. The extruded products from the mixtures 6 and 3, with similar
amaranth contents (26.4 and 33.1 g/100 g respectively), resulted in the lowest density values (4.6 and
4.7 kg L−1, respectively; Table 4). These results were consistent with those found by Ilo et al. [9], who
evaluated the effect of extrusion-cooking process on the properties of extruded rice flour and amaranth
blends. They observed that amaranth had an important influence on the product density, resulting in a
minimum density value at amaranth content of 30 g/100 g. Another report had shown increases in the
bulk density values during the extrusion of rice flour and corn fortified with flaxseed [12].

Table 4. Functional and physical properties of the extruded products *.

Treatments
BD (kg

L−1)
EI WSI WAI

Hardness
(N)

Crispness
(N/mm)

MaxV
(cp)

MinV
(cp)

FinV
(cp)

Setback
Viscosity

(cp)

Mixture 1 0.5 a 3.11 c 0.46 bc 2.9 b 5.0 ab 26.9 a 86.2 b 69.9 abc 151.0 a 81.1 a

Mixture 2 0.49 abc 3.10 c 0.5 a 2.5 c 4.9 bc 25.4 a 75.3 bc 65.7 bc 124.5 bc 58.9 c

Mixture 3 0.47 cd 3.06 d 0.49 ab 2.5 c 4.7 c 24.9 a 66.7 c 63.2 c 111.1 c 48.0 c

Mixture 4 0.49 ab 3.33 a 0.45 c 3.4 a 4.7 c 25.7 a 99.3 a 79.8 a 162.5 a 82.7 a

Mixture 5 0.47 bcd 3.17 b 0.5 a 2.9 b 5.2 a 26.7 a 85.6 b 75.2 ab 154.8 a 75.1 ab

Mixture 6 0.46 d 3.09 c 0.5 a 2.5 c 4.8 bc 26.1 a 76.1 bc 70.2 abc 130.5 b 60.5 bc

* Means ± standard error (SE). SE expansion index, 0.007; SE bulk density, 0.006; SE WSI, 0.007; SE WAI, 0.05; SE
Hardness, 0.16; SE Crispness, 1.3; SE MaxV, 2.4; SE MinV, 2.3; SE FinV, 2.8; SE setback viscosity, 2.9. Means by
columns with different letters show significant difference, contrast test (p < 0.05). BD, bulk density; EI, expansion
index; WSI, water solubility index; WAI, water absorption index; MaxV, maximum viscosity; MinV, minimum
viscosity; FinV, final viscosity.

3.6. Expansion Index

The addition of the different ingredients in their different proportions, and their interaction,
significantly affected the expansion of extruded products (p < 0.05) (Table 4). The EI of instant-extruded
products is very important since it is directly related to consumer acceptability; related typically to
an inflated, lightweight and crunchy structure [34], mainly attributed to the presence of starch in the
final extruded products [35]. The extrudate of the mixture 4 resulted in the highest (p < 0.05) EI (3.33),
followed by the extruded mixture 5 (3.17) due to a higher percentage of maize grits (starch), and
finally the extruded products containing less maize grits (mixtures 1, 2 and 6) did not have significant
difference between them and they presented the lowest EI values (Table 4). It is important to note that
the mixtures 4 and 5 (with higher expansion values), contained a higher starch amount and a lower
percentage of the ingredients with high dietary fiber content: amaranth and flaxseed. Mixtures 1, 2,
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and 6 with higher amaranth and flaxseed content presented the lowest EI, due to their high dietary
fiber content, which affects the expansion of extruded products. The effect of the fiber on the expansion
of the extruded products depends mainly on its interactions with the starch and, therefore, on the type
and amount of fiber. Insoluble fiber significantly reduces expansion volumes and increases the density
of extruded products. Conversely, soluble fiber leads to better expansion volumes, unaffecting the
bulk density of the extruded products compared to the insoluble fiber components [3]. The difference
in expansion behavior between soluble and insoluble fiber can be explained by their interactions with
starch, differences in water absorption and plasticizing behavior, but also by the physicochemical
transformations they undergo during extrusion [3]. This is consistent with the results reported by
Altan et al. [31], who made extruded barley using tomato pomace as fiber source, noting that additions
of tomato pomace, provoked a decrease of the EI on the final products. Similar results were reported
by other authors [35–37].

3.7. Textural Measurement (Hardness and Crispness)

An important quality parameter of ready-to-eat extrudates is texture. Table 4 shows the values
of hardness and crispness of extruded products made from the different mixtures of ingredients.
The crispness of the extruded products was not significantly different (p > 0.05) among the various
mixtures. Similar findings have been reported for corn extruded with amaranth, where the amaranth
content from 20 to 35% had no substantial effect on crispiness [11]; this amaranth percentage was close
to the one used in this study (18.7–33.1%).

However, the hardness of the cereals was significantly affected (p < 0.05) by the added ingredients
(flaxseed and amaranth) and their interaction. Extruded products from mixture 1and 5 had the highest
hardness (p < 0.05) attributed to their high dietary fiber content. As was described above, the addition
of dietary fiber leads to reduced expansion volumes and increases in density of the extruded products,
inducing harder textures and less crispiness [3]. This result is consistent with the results reported
by Ganorkar and Jain [12], who showed that an increase in added flaxseed caused an increase in
the hardness of the extruded products. A similar finding was reported by Brennan et al. [5] where
they showed that increases in the wheat bran content up to 15% in extruded breakfast cereals causes
breaking force increases. In contrast, it has also been reported that soluble fibers, such as inulin, deliver
a more favorable texture compared to insoluble fibers, such as bran fiber [6]. This was corroborated
by Brennan et al. [5], who observed a slight hardness change when adding either inulin or guar gum
to extruded corn flour. This can be corroborated by our results, where the extruded products from
mixture 3 and 4 (Figure 1) contained the highest percentage of soluble fiber and the lowest hardness
values (4.7 N; Table 4).

3.8. Pasting Properties of the Extruded Products

The addition of amaranth and flaxseed to the mixtures significantly affected (p < 0.05) the
amylographic viscosity profile (RVA) of the extruded products (Table 4). MaxV is the peak viscosity
where the highest degree of starch gelatinization occurs. The MaxV values obtained for each of
the extruded products were very low, due the damage in the starch granules during the extrusion
process [38]; this led to a notorious decrease of viscosity values in the extruded products, as shown in
Figure 2. A similar trend on other viscosity parameters (MinV, FinV, and setback viscosity) values is
shown in Table 4. The mixture 4, with the highest starch content (67.3% maize grits), had the highest
MaxV value (p < 0.05); whereas mixture 3, with the lowest percentage of starch (55.6% maize grits), had
the lowest value (p < 0.05). On the other hand, it is possible that the formation of complex structures
during extrusion-cooking through interactions between starch-lipid complexes and/or starch-protein
walls prevents adequate gelatinization of the starch [39,40]. Another factor influencing the pasting
properties of extruded products is the presence of dietary fiber, which leads to a decrease in the
fraction of water-swelling starch, due to its replacement by the fiber [37]. All these factors limited
a complete starch gelatinization, causing a decrease in viscosity. Similar results were observed in
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a study where increases in amaranth in rice-amaranth blends generally decreases the viscosity of
extruded products [9]. Similar findings were reported for extruded cornstarch blends with whey
protein concentrate and Agave tequilana fiber [37].

Additionally, low setback values were found for all extruded products, indicating low rates of
starch retrogradation and syneresis. During cooling, reassociation of starch molecules, especially
amylose, result in viscosity increase favoring the final viscosity. This phase is commonly described as
the setback region during which retrogradation and reordering of starch molecules occurs [41].

3.9. Scanning Electron Microscopy

The scanning electron micrographs revealed the impact of the different ingredients (Figure 3).
After extrusion, it can be observed that combination of shear force and temperature inside the barrel
caused microstructural changes in the extrudates of the different treatments [42]. The microstructural
analysis shows that the addition of amaranth and flaxseed, increased the fiber content in the mixtures,
resulting in compact agglomerates, increased crystallinity, and larger, more compact laminar structures
(Figure 3c–f). This can be attributed to high protein (12%) and fiber (9–13%) content in the extrudates.
Fiber tends to rupture cell walls and promotes breakage of air cells during extrusion, which prevents
matrices from expanding [43], resulting in harder textures, higher densities and more compact
structures as shown in the micrographs (Figure 3c–f). Similar results were found by Zhang et al. [29]
and Cueto et al. [42].

 

Figure 3. Micrographs of the extruded products from: (a) Mixture 1, (b) Mixture 2, (c) Mixture 3,
(d) Mixture 4, (e) Mixture 5, (f) Mixture 6.

4. Conclusions

This research shows that different levels of amaranth and flaxseed in the development of extruded
products had a significant impact on their functional and physicochemical properties. The extruded
products obtained had high protein content (>12%), which is higher than in the commercial breakfast
cereals. Besides these characteristics, the obtained extruded products presented a healthy fat content
(<5%) and a high content of soluble and insoluble dietary fiber.

Another important ingredient was the maize grits, which was the source of starch, and it served
as a basis to produce some expansion level in the extrudates. Extruded products with low levels of
starch (maize grits) and high levels of fiber in the mixtures resulted in extrudates with low EI and high
hardness values. These results suggest that the extrusion-cooking process of high-fiber flours such as
flaxseed (8.6–9.3%) and amaranth (18.7–22.9%) in mixture with maize grits (63.8–67.3%) and minor
ingredients results in an extruded product of good nutritional quality, with suitable functional and
physicochemical characteristics.
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Abstract: The wheat flour tortilla (WFT) is a Mexican food product widely consumed in the world,
despite lacking fiber and micronutrients. Ramón seed flour (RSF) is an underutilized natural resource
rich in fiber, minerals and bioactive compounds that can be used to improve properties of starchy
foods, such as WFT. The study evaluated the impact of partial replacement of wheat flour with RSF
on the physicochemical, sensory, rheological and nutritional properties and antioxidant capacity (AC)
of RSF-containing flour tortilla (RFT). Results indicated that RFT (25% RSF) had higher dietary fiber
(4.5 times) and mineral (8.8%; potassium 42.8%, copper 33%) content than WFT. Two sensory attributes
were significantly different between RTF and WFT, color intensity and rollability. RFT was soft and it
was accepted by the consumer. Phenolic compounds (PC) and AC were higher in RFT (11.7 times,
33%–50%, respectively) than WFT. PC identification by ultra-performance liquid chromatography
quadrupole time of flight mass spectrometry (UPLC-QTOF-MS) showed that phenolic acids esterified
with quinic acid, such as chlorogenic and other caffeoyl and coumaroyl derivatives were the major
PC identified in RSF, resveratrol was also detected. These results show that RSF can be used as an
ingredient to improve nutritional and antioxidant properties of traditional foods, such as the WFT.

Keywords: nutritional value; antioxidant capacity; phenolic compounds; sensory properties;
functional foods

1. Introduction

Tortilla is an iconic food in the Mexican and Central American diet. Mexico is the main tortilla
consumer around the world (75 kg/person) [1], with 11.5 million tons consumption per year [2].
The growing demand of tortilla has caused its globalization, representing nowadays a food of
importance in countries such as USA or China. Tortilla is usually made from wheat or corn [3]. On the
one hand, the corn tortilla provides proteins, calcium, potassium and carbohydrates, which makes this
food an important vehicle to provide nutrients to people with malnutrition. On the other hand, the
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wheat flour tortilla (WFT) provides more calories (47%), proteins, lipids and carbohydrates and less
dietary fiber and micronutrients than corn tortilla [4], which makes this type of tortilla a hypercaloric
and a poorly nutritious food. However, WFT has a wide demand in northern Mexico and USA and it is
highly consumed by children, youth and adults from ethnic and low-income populations contributing
to exacerbate states of undernourishment [5] or obesity [6]. Malnutrition is one of the main public
health problems affecting many countries [7] and is associated, in many cases, with the high intake
of hypercaloric foods with low dietary fiber, minerals and vitamins [6]. Therefore, it is of interest to
make culturally rooted foods, such as tortilla, with greater nutritional value in order to contribute to a
healthier diet of the population; particularly for groups in poverty and/or malnutrition.

Brosimum alicastrum Sw. (ramón) is a tree of the Mexican tropics whose fruit and seed have high
nutritional value. This tree was appreciated by the Mayan culture from 300 to 900 A.D. [8]. The flour
obtained from the seed (RSF) is characterized by high protein, dietary fiber and micronutrient content.
Brosimum alicastrum Sw. is considered as an underexploited natural resource in Mexico with potential
nutritional and functional properties [9], which can be incorporated into foods with little nutritional
value. In this context, the aim of this study was to evaluate the impact of partial replacement of
wheat flour with RSF on the physicochemical, sensory, rheological and nutritional properties and
antioxidant capacity of RSF-containing flour tortilla (RFT). The hypothesis proposed was that the
partial replacement of WF with RSF in the tortilla improves its nutritional contribution in dietary fiber
and micronutrient content, increases its antioxidant capacity and the RFT is sensory accepted by the
consumer compared as well as a tortilla made with 100% WF.

2. Materials and Methods

2.1. Materials

The ramón seed flour (RSF) (B. alicastrum Sw.) was provided by CICY (Herbarium Roger Orellana,
Centro de Investigación Científica de Yucatán A.C.). The seeds were collected from growing ramón
trees at rancho Xoccheila (20◦33′ N; 89◦34′ W), municipality of Sacalum, Yucatán. The seeds were
dried in the sun, the testa was removed and the seed was ground to a fine flour. The wheat flour (WF),
dry (salt, baking powder) and moist (shortening) ingredients were purchased in the local markets of
Ciudad Juárez, Chihuahua, México.

2.2. Tortilla Development

Different formulations were proposed partially replacing the content of WF for RSF (20%, 25%,
28%, 30% and 40%). The ramón flour tortilla (RFT) and the wheat flour tortilla (WFT) were developed
following the previously reported method with some modifications [10]. Extra water was added to
the RSF doughs until a more elastic texture was obtained. Microbiological quality in total coliforms
bacteria (CC), aerobics mesophilic bacteria (AC), yeast and mold (YM) was determined in tortillas
samples according to the plate count method (3M™, Petrifilm™, Minneapolis, MN, USA). Briefly,
tortilla samples were diluted 1:10 in saline solution (0.9%), homogenized and one mL plated onto
Petrifilm. Plates were incubated at 35 ± 1 ◦C for 24 h for CC, 48 h for AC and 25 ± 1 ◦C for YM. Official
Mexican regulation was observed for the limits of CC, AC and YM in tortillas [11].

2.3. Proximate Composition, pH, Activity Water (Aw) and Titratable Acidity

All tortilla samples were homogenized using a commercial blender (Nutribullet®). The samples
were analyzed in triplicate following the AOAC methods [12]: ash was determined in muffle furnace
(Felisa®, Model FE-340, Jalisco, México) at 550 ◦C for 5 h; crude protein by Kjeldahl method (Labconco®,
Model RapidStill II, Kansas city, MO, USA); fat by Soxhlet method (Soxtec™, Model 2043, Foss™,
Hilleroed, Denmark); total carbohydrates by difference method; crude fiber by gravimetric method,
dietary fiber by enzymatic-gravimetric assay, water activity in AQUA LAB® (Model Serie 3, Meter Food,
Washington, D.C., USA) equipment; pH and titratable acidity by potentiometric method (Accumet®,
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Model AB15 Plus, Westford, MA, USA). Moisture analysis was performed by the AOAC method [12]
with the following modifications: it was determined in an oven (VWR®, Model 1324, Irving, TX, USA)
at 105 ◦C for 8 h.

2.4. Extraction and Quantification of Minerals

The mineral content (Cu, Zn, K, Fe and Na) was obtained from the ashes of the samples following
the method by the AOAC with minor modifications. Flours and tortilla samples (5 g) were calcined in
a muffle furnace (Felisa®, Model FE-340, Guadalajara, Jalisco, México) for 8 h at 550 ◦C. Subsequently,
3 mL of HNO3 (SCP®, Quebec, Canada) (0.2%, v/v) was added and taken to dryness on a hot plate
(100 ◦C). The samples were calcined again for 2 h at 550 ◦C until white ashes were obtained, 5 mL of
6 M HCl (JT Baker®, Fisher Scientific, West Palm Beach, Florida, USA) were added and dried. Finally,
20 mL of HNO3 (0.2%, v/v) (Merck®, Toluca, Estado de México, Mexico) were added and samples
were transferred into plastic conical tubes (Corning®, Merck, Toluca, Estado de México, México).
The samples were analyzed using atomic absorption spectroscopy (Perkin Elmer®, Model AAnalyst
200, Madrid, Spain) with acetylene flame adjusting the wavelength for each mineral [12].

2.5. Extraction and Quantification of Carotenoids

The content of carotenoids was determined following the method by Moreno-Escamilla et al. [13]
with some modifications. Flours and tortillas were dried at 45 ◦C in a vacuum oven (Shel Lab®, Model
VWR A-143, Tualatin, OR, USA) at 20 mm Hg for 36 h. Next, they were ground using a commercial
blender (Nutribullet®) and kept at −18 ◦C in darkness for no more than 48 h. Subsequently, 0.3 g of
dry ground sample were mixed with 10 mL of acetone (JT Baker®, Fisher Scientific, West Palm Beach,
FL, USA), sonicated (Branson®, Model 5800, Fisher Scientific, West Palm Beach, Florida, USA) for
20 min and centrifuged (Eppendorf®, Model 5810 R, Alto da lapa, Sâo Paulo, Brazil) at 3500 rpm for
10 min. The supernatant was recovered, and the residue was extracted two more times under the same
conditions. The absorbance of the combined supernatants was read in an ultraviolet–visible (UV–Vis)
microplate reader (BioRad®, Model XMark, Ciudad de México, México) at a wavelength of 474 nm.
Results were reported as milligrams of β-carotenoids per 100 g of sample.

2.6. Extraction and Quantification of Ascorbic Acid

Ascorbic acid determination was realized according to the technique described by Alvarez-Parrilla
et al. [14], with some modifications. Extracts were obtained by mixing 0.2 g of flour or tortilla samples
(DW) with 5 mL of 5% metaphosphoric acid (Merck®, Toluca, Estado de México, México), the mixture
was sonicated (Branson®, Model 5800 Fisher Scientific, West Palm Beach, FL, USA) for 20 min in
dark conditions, and centrifuged (Eppendorf®, Model 5810 R, Alto da lapa, Sâo Paulo, Brazil) at
3500 rpm for 10 min. For quantification, 300 μL of each supernatant was taken and mixed with 200 μL
of 6.65% tricloriacetic acid (Merck®, Toluca, Estado de México, México) and 75 μL of the DNPH
(2,4-dinitrophenylhydrazine) reagent (Merck®, Toluca, Estado de México, México) in 100 mL of 5 M
H2SO4 (JT Baker®, West Palm Beach, Fisher Scientific, FL, USA), then incubated for 3 h at 37 ◦C and
0.5 mL of H2SO4 (JT Baker®, Fisher Scientific, West Palm Beach, FL, USA) (65%, v/v). Absorbance was
measured in the UV-Vis microplate reader (BioRad®, Model xMark, Ciudad de México, México) at
520 nm, using ascorbic acid as standard. Results were reported as milligrams of ascorbic acid per 100 g
of sample.

2.7. Sensory Characterization

Tortillas (RFT and WFT) were sensory characterized with a descriptive analysis by a trained panel
of 8 judges. The attributes in the olfactory phase were odor intensity and descriptors determined
by focus group technique. In the oral phase, mouthfeel characteristics were evaluated: such as
cohesiveness, hardness, moistness, adhesiveness and astringency; taste: such as sour, salty and bitter.
Color and texture attributes, such as elasticity, firmness and rollability were also evaluated. All tests
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were conducted in individual booths and the judges used a 150 mm linear scale, labeled at the end as
“Not all . . . ” and “Extremely . . . ” for each attribute or descriptor. Each judge was provided with slices
of tortilla (10 g), previously heated in a microwave for 30 s, and they were placed in 2 oz plastic cups,
identified with three-digit random numbers. The samples were served to the judges in a balanced and
randomized form, together with evaluation sheets. Judges rinsed their mouths with purified water
(Alaska®, Chihuahua, Mexico) at the beginning and between samples for the oral phase and they used
eye covers in all tests, except in the visual phase. Pantone® scale was used in color test. Two attributes
or descriptors were evaluated per session of 60 min, standards for each attribute or descriptor were
used at the beginning of the test and each test was performed by duplicate [15,16].

2.8. Consumer Acceptance Test

An acceptance test was carried out to evaluate the consumer degree of liking for RFT and WFT.
The test was performed in 120 consumers using a 9-point hedonic scale, ranging from “Like extremely”
to “Dislike extremely”. Participants were given 5 g of RFT or WFT (freshly made) and kept warm in
thermal containers (35 ± 2 ◦C) for a limited time of 15 min. Two samples were evaluated by session and
each sample was presented monadically in disposable dishes (12 cm diameter), labeled with three-digit
random numbers. Participants rinsed their mouths with purified water (Alaska®, Chihuahua, Mexico)
at the beginning of the session and between samples. They tasted each sample and indicated on the
hedonic scale the degree of liking for the sample [16].

2.9. Rheological Measurements

For the rheological characterization, texture profile analysis (TPA) and cohesiveness tests were
performed in the RFT and WFT dough samples using the methods described by Reyes-Vega et al. [17]
and Flores-Farías et al. [18] with modifications. Spherical dough fractions (2.0 cm diameter) were
tested to obtain gumminess (N), hardness (N), adhesiveness (J), elasticity (mm) and chewiness (Nm).
Cohesiveness was performed in dough samples (20 g) placed in a cylindrical container and a penetration
speed of 2.0 cm·s−1 was applied. In the tortilla samples (2 × 6 cm), cutting, elongation and extensibility
tests were made to obtain the force (N) required to separate it, the elongation (mm), the distance that
can be stretched before breaking (mm), work necessary for extension (J) and cohesiveness (N) following
the methods by Kelekei et al. [19] and Suhendro et al. [20]. All measurements were carried out in a
texture analyzer (Lloyd Instruments™-Model TAPlus AMETEK, Elancourt, France), adjusting different
probes for each test.

2.10. Content of Total Phenolic Compounds and Flavonoids

Extraction of phenolic compounds was performed following the methodology established by
Alvarez-Parrilla et al. [14] with modifications. Flour and tortilla samples were dried, ground and stored
as described for the extraction and quantification of carotenoids. Next, 5 g of the ground samples
were sonicated for 30 min with 10 mL of methanol (JT Baker®, Fisher Scientific, West Palm Beach, FL,
USA) (80%, v/v), centrifuged at 3500 rpm for 15 min and the supernatant was collected by filtration,
adjusted to a volume of 25 mL, and kept in refrigeration at 4 ◦C for less than 12 h, until analysis. Total
phenolic content (TPC) was determined by the Folin–Ciocalteu method and total flavonoids (TF) were
determined by the AlCl3 method, according to the methodology described by de la Rosa et al. [21].
Results were expressed as milligrams of gallic acid equivalents (GAE) and milligrams of catechin
equivalents (CE) per 100 g of sample (DW), respectively.

2.11. Antioxidant Capacity

The FRAP (ferric ion reducing antioxidant power), DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate
free radical) and ABTS (2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonate) assays were used to quantify
the antioxidant capacity of the methanolic extracts of flour and tortillas samples, according to the
methodology described by Alvarez-Parrilla et al. [14], de la Rosa et al. [21] and Brand-Williams et al. [22].
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The extracts were obtained as described for the content of total phenolic compounds and flavonoids.
For the FRAP assay, the FRAP reagent was prepared by mixing 0.3 M acetate buffer (Hycel®, Zapopan,
Jalisco, México) with 10 mM TPTZ (2,4,6-tripyridyl-s-triazine; Acros Organics®, Morris Plains, NJ, USA)
dissolved in 40 mM HCl (Hycel®, Zapopan, Jalisco, México), and 20 mM FeCl3 (Hycel®, Zapopan,
Jalisco, México); in a ratio 10:1:1, v / v / v. The FRAP reagent was heated at 37 ◦C for 30 min and the
assay was performed by mixing 180 μL of the FRAP reagent with 24 μL of sample in microplate wells.
Absorption was measured at 595 nm every 60 s for 30 min in the UV–Vis microplate reader. The results
were reported in millimole Trolox equivalent/g dry weight sample.

The DPPH assay was performed by mixing 50 μL of sample with 200 μL of the DPPH radical
(190 μM in methanol; Merck®, Toluca, Estado de México, México) in microplate wells and absorbance
was read at 515 nm for 10 min in the UV–Vis microplate reader.

For the ABTS assay, ABTS radical cation was prepared by diluting ABTS salt (7 mM; Merck®,
Toluca, Estado de México, México) and K2S2O8 (2.45 mM; Merck®, Toluca, Estado de México, México)
in phosphate buffered saline (PBS, pH 7.4, 0.15 M KCl; Merck®, Toluca, Estado de México, México), and
the solution was incubated in refrigeration for 16 h. Then 12 μL of the sample was mixed with 285 μL
of the ABTS radical cation in microplate wells and the absorbance was read at 734 nm for 30 min in the
UV–Vis microplate reader. Results of DPPH and ABTS assays were reported as inhibition percentage.

2.12. Identification of Individual Phenolic Compounds in Ramón Seed Flour (RSF) by Ultra-Performance Liquid
Chromatography Quadrupole Time of Flight Mass Spectrometry (UPLC-QTOF-MS)

Phenolic extracts of RSF, were cleaned up by solid phase extraction (SPE) using a C18 column
(SupelCo, Merck®, Darmstadt, Germany) to reduce the presence of sugars and small organic acids.
Briefly, 6 mL (1 volume) of extract was washed with 2 volumes of water (fractions discarded) and
phenolic compounds were eluted with 2 volumes of pure methanol. Solvent was eliminated in a rotary
evaporator and the dried extract re-dissolved in methanol high-performance liquid chromatography
(HPLC) grade (2 mg/mL), passed through a nylon filter (0.45 μm) and applied into the chromatography
system. Separation and identification of phenolic compounds was carried out by using an Infinity II
LC System equipped with a photodiode array detector with a binary solvent pump and autosampler
(Agilent Technologies, California, USA). Separation of individual phenolic compounds was carried out
using a rapid-resolution high-definition (RRHD) reverse-phase C18 column (2.1 × 50 mm; 1.8 particle;
ZORBAX Eclipse Plus®, Agilent, California, USA) at 25 ◦C, with a pre-column cartridge. The samples
(1 μL) were injected and elution of phenolic compounds was completed in 12 min with a linear gradient
and constant flow rate of 0.4 mL/min, as described before by Torres-Aguirre et al. [23]. The mobile
phase consisted of solvent A (formic acid, 0.1% v/v, from Tedia®, Fairfield, Ohio, USA) and solvent B
(acetonitrile from Tedia®, Fairfield, Ohio, USA). The linear gradients were as follows: 0–4 min, 90% A,
4–6 min, 70% A, 6–8 min, 62% A, 8–8.5 min, 40% A, 8.5–9.5 min, 90% A. Elution of phenolic compounds
was detected at 255, 275 and 320 nm.

The LC equipment was coupled to a quadrupole time of flight (Q-TOF) mass spectrometer with
electrospray ionization (ESI) source. The mass spectrometer was operated in negative mode and
specific conditions as follows: capillary voltage of 4500 V, gas nebulizer pression 30 psi, dry gas
(nitrogen) temperature of 340 ◦C and flow at 13 L/min. Mass range was monitored from 100 to 3000 m/z.
Phenolic compounds were identified by comparing the accurate mass and isotopic distribution of their
molecular ions [M − H]−, and in some cases their retention times with those of commercial standards,
and compounds listed in a specialized database, using a find by database algorithm in the MassHunter
Workstation qualitative analysis, version B. 07.00 (Agilent Technologies, Santa Clara, CA, USA).

2.13. Statistical Analysis

Data from microbiological analysis were compared with the permissible limits established by the
Mexican regulation [9]. Physicochemical parameters, minerals, vitamins and phytochemical data were
analyzed by Student t-test. Data from sensory descriptive analysis were analyzed using a repeated
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measure analysis of variance (ANOVA) and Fisher’s multiple comparisons (LSD) and data from
acceptance test were analyzed Chi square test. All the analyses were carried out with XLSTAT program,
version 2016.05 (Addinsoft®, Paris, France). The results are presented in mean values ± standard
deviation (SD). The criterion for statistical significance was p < 0.05.

3. Results and Discussion

3.1. Tortilla Preparation and Food Safety

The preliminary sensory acceptance tests were considered for the selection of the RFT formulation,
establishing the addition of 25% RSF for the tortilla. The lack of gluten in RSF influenced the properties
of elasticity and firmness imparted by prolamines (gliadin) and glutelins (glutenin) [24]. Therefore,
slight changes were made in the steps to prepare the tortilla (RSF), in order to obtain better physical
characteristics. First, the kneading time was increased to 20 min and more water was added until
a flexible and firm dough was obtained. In this way, higher hydration was achieved, breaking the
endosperm protein bodies and promoting covalent and non-covalent interactions between larger
polypeptides [25]. Second, water incorporation increased the elasticity and adhesiveness in the dough,
so it was necessary to change the use of the rolling pin for a manual tortilla press, which is a simple,
traditional and low-cost procedure. Third, salt content was increased by 25% in order to increase
the hydration property of the proteins in RSF. Also, sodium facilitates denaturalization of proteins
exposing their hydrophilic groups and increasing their degree of aggregation. This effect is generated
by the increase of ionic force producing a reduction in protein solubility [26]. Finally, the cooking time
was adjusted for RFT (26 s per side) according to the other changes made in the process, in order to
avoid an impact on the consistency and rheology of the tortilla.

Microbiological analysis showed that both tortillas (RFT and WFT) were within the permissible
limits, according to the Mexican legislation, in colony forming units of aerobic mesophilic bacteria
(AC) (8 × 101 and 1 × 101 CFU/g, respectively. Permissible limit: 10,000 CFU/g), total coliforms
bacteria (CC) (<1 × 101 CFU/ g in each sample. Permissible limit: <30 CFU/g) and yeasts and molds
(YM) (<10 × 101 CFU /g. Permissible limit: 300 CFU/g) [11]. These microorganisms are indicators
of management conditions or efficiency of the food preparation. They timely warn of inadequate
handling or contamination that increases the risk for the presence of pathogenic microorganisms in the
product [27].

3.2. Physicochemical and Micronutrient Characterization

Chemical and micronutrient composition of flours and tortillas is presented in Table 1. In flours,
the contents of protein, ash, crude, and dietary fiber were higher in RSF than in commercial WF.
In minerals, RSF was 2.5 times higher in copper (p = 0.01), 8 times higher in potassium (p < 0.01) and
2.3 times higher in sodium (p < 0.01) than WF. RSF was equal to WF in iron content (p = 0.13) and 6
times lower in zinc content (p < 0.01). RSF showed higher acidity and Vitamin C content (3.8 times)
than WF, but carotenoid content was equal in both flours.

In tortilla, RFT retained more moisture (2.9%) than WFT, reflecting the extra water added in the
wetting process, but the water activity was the same in both samples. Protein content was equal in RFT
and WFT, showing RFT protein content was not affected by the partial substitution with RSF. RFT had
an increase in the mineral content, showing an increase in copper (1.5 times higher) (p = 0.02) and
potassium (1.8 times higher) in RFT (p < 0.01), while the content of iron (p = 0.84) and zinc (p = 0.81)
remained similar. Dietary fiber was 4.5 times higher in RFT (14% DRV/100 g product) than in WFT (3%
DRV/100 g product).
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Table 1. Physicochemical characteristics of flour and tortillas samples.

Parameter RSF WF RFT WFT

Calories (Kcal) 336 349 350 357
Water (%) 13.3 ± 0.14 a 12.9 ± 0.02 b 25.0 ± 0.07 a 22.1 ± 0.10 b

Protein (%) 11.5 ± 0.39 a 9.6 ± 0.16 b 7.3 ± 0.11 a 7.6 ± 0.10 a

Fat (%) 0.6 ± 0.00 a 0.6 ± 0.01 a 9.6 ± 0.08 a 8.9 ± 0.02 b

Ashes (%) 3.4 ± 0.11 a 0.6 ± 0.02 b 3.4 ± 0.06 a 3.1 ± 0.02 b

Total Carbohydrates (%) 71.2 ± 0.56 b 76.3 ± 0.17 a 54.6 ± 0.16 b 58.3 ± 0.15 a

Crude Fiber (%) 3.4 ± 0.13 a 0.4 ± 0.00 b 0.9 ± 0.15 a 0.2 ± 0.01 b

Dietary Fiber (%) 13.0 ± 0.21 a 1.6 ± 0.00 b 3.6 ± 0.20 a 0.8 ± 0.01 b

pH 5.5 ± 0.01 a 5.9 ± 0.01 b 6.3 ± 0.01 b 6.6 ± 0.02 a

Activity water (Aw) 0.3 ± 0.02 a 0.2 ± 0.01 b 0.9 ± 0.02 a 0.9 ± 0.01 a

Titratable acidity (% CAE) * 0.004 ± 0.00 a 0.001 ± 0.00 b 0.002 ± 0.00 a 0.001 ± 0.00 b

Cupper (mg/100 g) 0.5 ± 0.10 a 0.2 ± 0.00 b 0.3 ± 0.00 a 0.2 ± 0.00 b

Potassium (mg/100 g) 1256.0 ± 12.00 a 159.0 ± 5.00 b 367.6 ± 13.00 a 210.0 ± 10.00 b

Iron (mg/100 g) 4.0 ± 0.70 a 5.0 ± 0.20 a 3.9 ± 0.20 a 4.1 ± 1.20 a

Zinc (mg/100 g) 1.0 ± 0.10 b 6.0 ± 0.10 a 4.5 ± 1.60 a 4.9 ± 0.00 a

Sodium (mg/100 g) 47.0 ± 0.10 a 20.0 ± 0.10 b 369.2 ± 0.40 b 378.0 ± 0.60 a

Vitamin C mg (Ascorbic acid/100g) 2.3 ± 0.01 a 0.6 ± 0.06 b 0.9 ± 0.09 a 0.7 ± 0.03 a

Carotenoids (mg β-carotenoids/100 g) 1.2 ± 0.10 a 0.9 ± 0.10 a 1.0 ± 0.00 a 0.9 ± 0.00 a

Mean ± SD. RSF—ramón seed flour, WF—wheat flour, RFT—ramón flour tortilla, WFT—wheat flour tortilla.
* CAE—citric acid equivalent (0.064). Comparison between flours and between tortillas. Different letters indicate
significant difference (p < 0.05).

Little information has been published on the nutritional composition of the Brosimum alicastrum
Sw. seed. A study carried out by Carter [8] showed that the dietary fiber content in ramón’s seeds from
different countries (México, Honduras and Guatemala) was from 4.91 to 21.71 g/100 g (dry weight).
In this study, RSF had a dietary fiber content of 13.0 g/100 g (fresh weight) or 14.9 g /100 g (dry weight),
which is within the range reported by other authors [9,28]. Considering this fiber content, and
according to the FDA criteria, RSF should be considered as food ingredient rich in dietary fiber (52.1%
DRV/100 g) [29]. In comparing the mineral content of the flours, it is important to consider that
commercial WF is enriched with folic acid, iron, and zinc, in accordance with Mexican regulations [11],
which indicates that RSF is naturally rich in iron and would not need to be enriched to meet the legal
iron requirements. This is particularly important for groups in poverty, for example iron deficiency is
the main cause of anemia in Mexico, and is associated with a low intake of food from animal origin
and a high intake of corn, with a high content of phytates that inhibit the iron absorption [30]. On the
other hand, it is the first time that vitamin C or total carotenoid content of RSF has been reported.
Both values were lower than those reported in lettuce using the same analytical technique [13], so we
considered RSF was not a good source of these compounds.

Substitution of 25% WF by RSF had a positive impact in the mineral and dietary fiber content of
RFT, so the new formulation showed a better nutrient profile and could have a positive impact on the
consumer’s health. Minerals have important biological roles in the organism; for example, copper is an
essential cofactor involved in the maturation of connective tissue, the synthesis of neurotransmitters
and the prevention of cardiovascular diseases [31] while potassium participates in insulin secretion,
creatine phosphorylation, carbohydrate metabolism, protein synthesis, nerve transmission and muscle
contraction [32,33]. The potassium content in RFT was similar to that of bananas (358 mg/100 g)
and higher than tomatoes (237 mg/100 g), which are considered as foods rich in this mineral [34].
The dietary fiber content in RFT (14% DRV/100 g) was higher than in corn tortilla (3.1% DRV/ 100 g
product) [34], so RST can be considered as a good source of dietary fiber [29]. Guevara-Arauza et
al. [35] reported a high fiber content in a tortilla added with nopal fiber (16.7%); nevertheless, this
tortilla would provide 45% less protein than RFT. The importance of dietary fiber in food is well known;
its consumption has shown benefits throughout the digestive process. Different physiological and
prebiotic effects at the colon level make this nutrient a key component of a healthy diet [36]. Finally,
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the partial replacement of 25% WF with RSF did not provide a significant increase of Vitamin C or
carotenoids in RFT.

3.3. Sensory Attributes and Consumer Acceptance

The sensory characterization of both tortillas (RFT and WFT) in different attributes is shown in
Figure 1. For a better interpretation of the intensity linear scale (150 mm), five intensity levels were
considered: low (L, 0 to 37 mm), medium low (ML, 38 to 74 mm), medium (M, 75 mm), medium-high
(MH, 76 to 112 mm) and high (H, 113 to 150 mm).

 
Figure 1. Sensory profile of tortillas. RFT—ramón flour tortilla, WFT—wheat flour tortilla. Intensity
linear scale (150 mm). * Significant difference at p < 0.05.

Of all the attributes evaluated in both tortillas, only two were perceived as significantly different
between them: color and rollability. In color, RFT showed a MH intensity level (100.4 ± 9.4 mm),
significantly different from WFT that was situated in L intensity level (32.2 ± 10.1 mm) (p < 0.01).
Pantone® scale was used to identify the color tones in both tortillas. RFT was located between Pantone
codes # C 728C and 729C, indicating a light brown color, while WFT was classified with Pantone code
# C 7401C, which corresponds to a light cream color. In tactile tests, RFT presented higher rollability
(MH, 96.8 ± 23.1 mm) compared to WFT, which was in ML intensity (58.6 ± 24.8 mm) (p < 0.01). In the
case of hardness, a trend was observed and WFT was perceived to be slightly harder (ML, 55.4 ±
24.0 mm) than RFT (L, 37.5 ± 14.7 mm) (p = 0.09). RSF color tones may be caused by the presence of
tannins which are present in the maturation stages of certain seeds that change from green to brown
due to morphological changes in the vascular tissue [37]; while WFT color tones are caused by Maillard
reactions [38]. The increase of salt in RFT, added to promote hydration, was not detected in the salty
taste. Cohesiveness and adhesiveness, which are directly related to the viscoelastic properties that
gluten provides to create a support matrix capturing water and air molecules [39], were not affected by
the water increase in RFT.

In the olfactory phase, no significant differences were identified between tortillas, although RFT
was perceived with a higher odor to whole wheat (MH, 90.0 ± 38.0 mm) (p = 0.06) and a less intense
flour odor (ML, 52.8 ± 26.9 mm) (p = 0.07) in comparison to WFT (ML, 54.8 ± 25.9 mm and MH, 79.1 ±
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27.0 mm, respectively). The smell of dough (RFT, 72.8 ± 34.5 mm and WFT 61.1 ± 36.4 mm) (p = 0.52)
and toast (RFT, 62.8 ± 28.4 mm and WFT, 44.4 ± 27.5 mm) (p = 0.20) was found in a ML intensity in
both tortillas (Figure 2).

Figure 2. Sensory odor profile of tortillas. RFT—ramón flour tortilla, WFT—wheat flour tortilla.
Intensity linear scale (150 mm).

The final consumer acceptance was tested on 120 participants. The 9-point hedonic scale was
divided into three areas (like, neutral and dislike). RFT and WFT were both liked by the consumer
(p > 0.05) (Figure 3). However, 36% of consumers showed dislike for RFT and 10% for WFT (p < 0.01).
RFT and WTF were placed in the following categories on the 9-point hedonic scale: “Like extremely”
2.5 and 4%, respectively (p = 0.72), “Like very much” 10.8 and 15%, (p = 0.44); “Like moderately” 22.5
and 40.8%, (p < 0.01); “Like slightly” 20.8 and 15.8%, (p = 0.40); “Neither like nor dislike” 7.5 and
14.2%, (p = 0.14) and “Dislike slightly” 20% and 5%, (p < 0.01). In general, 64% of consumers accepted
RFT. Some consumer comments indicated that RST was milder, with balanced salt content, and whole
wheat odor. These comments confirm the attributes evaluated by the judges, describing RST as softer
(p = 0.06) and having a whole wheat odor too (p = 0.09).

Figure 3. Consumer acceptance tortillas. RFT—ramón flour tortilla, WFT—wheat flour tortilla. *
Significant difference at p < 0.05.
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RFT had a sensory acceptance similar to corn tortilla added with soy and amaranth (60%) [40] or
corn tortilla added with Brosimum alicastrum [41]. Innovation in products with high cultural value
could be an important factor for greater consumer acceptance. Studies in this regard are necessary in
the development of functional foods appealing to different populations or ethnic groups.

3.4. Rheological Characterization

Data from the TPA test showed that there was a significant difference in gumminess (p < 0.01),
adhesiveness (p = 0.01), elasticity (p = 0.01) and chewiness (p < 0.01) in the tortilla doughs (Table 2).
RSF addition generated a less gummy, elastic and softer dough; requiring less force during mastication
compared to the WF dough or other foods, such as white bread (10.8 Nm), lettuce (9.8 Nm) and
carrot (12.7 Nm) [42]. It was also less adhesive than corn tortilla dough substituted with bean and
amaranth flour (−0.36 N) and nopal flour and algae (−0.32 N) [43]. These results might be related to the
extra water addition that participates in the dough structural changes and in the absorption capacity
of flour starch granules, which affect the adhesiveness and hardness mass viscoelastic and tension
properties [44]. In the same way, it has been reported that the starch granules of RSF are similar to the
granules of potato, which possess superior gelling properties and better capacity of water retention
than wheat starch [45].

Table 2. Rheological characteristics of tortillas dough samples.

Characteristic RSF Dough WF Dough

Gumminess (N) 10.2 ± 3.2 a 39.1 ± 1.0 b

Hardness (N) 34.1 ± 10.0 a 60.5 ± 14.0 a

Adhesiveness (J) 0.03 ± 0.0 a 0.003 ± 0.0 b

Elasticity (mm) 1.8 ± 0.0 a 1.6 ± 0.1 b

Chewiness (Nm) 1.9 ± 0.6 a 6.3 ± 1.5 b

Cohesiveness (Nm) 3.5 ± 0.1 a 4.0 ± 0.1 b

Mean ± standard deviation (SD). N—Newton, J—joul, mm—millimeter, Nm—newton for meter, RFS—ramón seed
flour, WF—wheat flour RSF—ramón seed flour, WF—wheat flour. Comparison between doughs. Different letters
indicate significant difference (p < 0.05).

The cohesiveness test was also performed on the tortilla dough, where RFT was slightly less
cohesive than WFT dough. This indicates that the particles of the dough are less strongly bound in
the dough with RSF [46] and therefore less effort is required to deform or break it. Therefore, it is
considered that these behaviors could be produced by the primary structure of the RSF proteins, that
could be low in thiol groups. In this way, there is a possibility that the lack of thiol–thiol reactions to
form disulfide bridges, would make the dough collapse [47].

Cut test for the RFT required less strength and work than for the WFT (p < 0.01). Thereby, RSF
provides more softness to the tortilla (Table 3), which means that it does not require a great effort to cut
it with the incisors unlike other functional tortillas added with bean flour with amaranth (5.22 J) or
nopal with algae (6.51 J) [43]. Another factor that could modify the rheology of the tortilla is the size of
the starch granules of RSF (6.5 to 15 μm), which are smaller than those provided by wheat flour (11 to
41 μm), so it can be retro-degraded quicker in the cooking process [48,49]. In the multi-directional
elongation and extensibility test, the same behavior was found as in the previous tests. The WFT
was 10 times more resistant than RFT (p < 0.01) and with a similar elongation (p = 0.74), whereas
extensibility in RFT required less force during extension (p < 0.01), it was less cohesive (p = 0.01)
and it needed half the work to extend (p = 0.01). All these rheological characteristics are due to the
interactions between globular proteins and starch molecules. The lower cohesiveness and other related
rheological characteristics of RFT in comparison with WFT could be explained by considering that RSF
proteins have a higher molecular weight, which would affect their extension properties generated by
the release of CO2 during cooking and, hence, reduce the force of intermolecular interactions in the
RFT [50,51]. A complete characterization of RSF proteins could help to better explain these behaviors
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and the rheological properties of RFT. Another factor that could be responsible for the lack of resistance
in RFT may be the molecular rearrangement of polysaccharides with water during the cooking process,
compromising the viscoelasticity and gelling of starch granules [52].

Table 3. Rheological characteristics in tortilla samples.

Characteristic RFT WFT

Cutting force (N) −0.8 ± 0.1 a 2.6 ± 0.3 b

Cutting work (J) 0.04 ± 0.0 a 0.15 ± 0.0 b

Elongation force (N) 0.3 ± 0.1 a 3.1 ±0 0.0 b

Elongation distance (mm) 3.9 ± 0.4 a 4.1 ± 0.5 a

Extensibility max force (N) 0.8 ± 0.0 a 1.5 ± 0.2 b

Rupture distance (mm) 3.3 ± 0.3 a 3.2 ± 1.0 a

Cohesiveness (N) 3.6 ± 0.2 a 4.0 ± 0.0 b

Work to max extension (J) 0.002 ± 0.0 a 0.004 ± 0.0 b

Mean ± SD. RFT—ramón flour tortilla, WFT—wheat flour tortilla. Comparison between tortillas. Different letters
indicate significant difference (p < 0.05).

3.5. Polyphenolic Quantification and Antioxidant Capacity

RSF and RFT reported higher phenolic content than WF and WFT, respectively (p < 0.1).
RSF showed higher total flavonoid content than WF (p < 0.01) and RFT and WFT were equal
between them (p = 0.08) (Table 4). Compared with other studies, the total phenol content of RSF was
higher than that reported by Tokpunar [53] for RSF (24.6 mg GAE/g), this could be due to genetic
and environmental differences between B. alicastrum trees, which are wild trees with an extensive
geographical distribution [9,24]. The phenolic content of RSF was also higher than that of other seeds,
such as walnut (15.6–16.3 mg GAE/g sample), pecan nut (12.8–20.2 mg GAE/g sample), pistachio
(8.7–16.6 mg GAE/g sample) or almond (2.4–4.2 mg GAE/g sample) [54] and 73 times higher than WF.

Table 4. Phytochemical content and antioxidant capacity of flour and tortillas samples.

Antioxidant Capacity

Samples TPC TF DPPH ABTS FRAP

mg GAE/g mg CE/g
mmol

TEAC/100 g
mmol

TEAC/100 g
mmol

TEAC/100 g

RSF 65.8 ± 2.26 a 4.4 ± 0.18 a 0.9 ± 0.09 a 14.3 ± 0.10 a 0.41 ± 0.04 a

WF 0.9 ± 0.02 b 0.1 ± 0.01 b 0.0 ± 0.01 b 0.3 ± 0.09 b 0.04 ± 0.00 b

RFT 21.1 ± 1.50 a 0.7 ± 0.10 a 0.3 ± 0.01 a 0.4 ± 0.01 a 0.04 ± 0.00 a

WFT 1.8 ± 0.02 b 0.5 ± 0.10 a 0.2 ± 0.01 b 0.2 ± 0.00 b 0.04 ± 0.01 a

Mean ± SD. All values are presented on dry weight basis. TPC—total phenolic compounds, TF—total flavonoids,
DPPH -.2,2-diphenyl-1-picryl-hydrazyl-hydrate free radical assay, ABTS - 2,2’-azinobis-(3-ethylbenzothiazoline-
6-sulfonate assay, FRAP -ferric ion reducing antioxidant power assay. GAE—gallic acid equivalents, CE—catechin
equivalents, TEAC—trolox equivalents antioxidant capacity, RSF—ramón seed flour, WF—wheat flour, RFT—ramón
flour tortilla, WFT—wheat flour tortilla. Comparison between flours and between tortillas. Different letters indicate
significant difference (p < 0.05).

The content of phenolic compounds in RFT was 12 times higher than WFT and also exceeded
the content of the previously mentioned nuts, and was similar to blackberry (27.1 mg GAE/g) [55].
In the same way, RFT was higher in flavonoids content than WFT, or other foods, such as blackberry
(0.6 mg CE/g) [56], pistachio and almond (0.14 and 0.15 mg CE/g, respectively) [57]. In this sense,
partial substitution of RSF in the tortilla samples provided a high phenolic and flavonoid contribution.

In relation to antioxidant capacity, RSF showed 48 times more activity than WF in the ABTS assay.
Also, it was higher than blackberry (11.4 mmol TEAC/100g) [56] and equal to walnut (13.7 mmol
TEAC/100 g) [58]. In the case of the tortillas, RFT reported twice as much antioxidant activity as
WFT. The ABTS assay showed the highest values of antioxidant activity in all the samples. ABTS
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is sensitive to the presence of hydrophilic and lipophilic compounds, and a good correlation can be
usually observed between the content of total phenols and antioxidant capacity [59], so it is a suitable
technique to clarify the impact of RSF on the potential functional properties of RFT.

3.6. Identification of Individual Phenolic Compounds in RSF by UPLC-QTOF-MS

In addition to the nutritional value of RSF, the presence of a high content and diversity of
phenolic compounds, many of which are strong free-radical scavengers, provides this product with
added potential as a functional food. Twenty phenolic compounds were tentatively (comparison
of high-resolution m/z value and isotope distribution) or positively (MS data plus retention time of
available standards) identified in RSF (Table 5).

Many of them are phenolic acids esterified with quinic acid. Compounds 3, 5 and 8 with Rt = 0.53,
0.94 and 1.54 min and a m/z = 353.0885, 353.0884, and 353.0882 were tentatively identified as isomers of
caffeoylquinic acid, a derivate of caffeic acid esterified with quinic acid differing only in the position of
esterification (C3, C4 or C5 of the aryl ring of quinic acid). Only compound 5 was positively identified
as chlorogenic acid (Figure 4C). Compounds 16 and 17 were tentative identified as dicaffeoylquinic
acid isomers with the same m/z = 515.1282 and 515.1206. These compounds have a structure of two
moieties of caffeic acid and one of quinic acid linked through esterification at different positions into
the aryl ring of quinic acid (Figure 4B). Compound 10 (Rt = 2.40 min, m/z = 367.1036) was tentatively
identified as 3-O-feruloylquinic acid (Figure 4G). Compound 6 (m/z = 137.0244 and a Rt = 1.03 min)
was tentatively identified as any of the possible isomers (o-,m-,p-) of hydroxybenzoic acid (Figure 4E).
Compounds 9 and 12, wich eluted at Rt = 1.66 and 2.91 min respectively, with a m/z = 337.0936 and
337.0928, were tentatively identified as isomers of coumaroylquinic acid (Figure 4D). Compound 18
(Rt = 4.96 min, m/z = 499.1259) was tentatively identified as a coumaroyl-caffeoylquinic acid derivate
(Figure 4A). Compound 1 (Rt = 0.47 and m/z = 329.0886) was tentatively identified as vanillic acid
glucoside and was the only glycosylated phenolic acid (Figure 4F).

 
Figure 4. Structures of phenolic compounds tentatively or positively identified in RSF extract,
by ultra-performance liquid chromatography quadrupole time of flight mass spectrometry
(UPLC-QTOF-MS) analysis. Numbers in red indicate the possible isomers of each structure. Names of
compounds (A–P) are provided in the figure and description of their identification by MS is given in
the text.
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These compounds, linked by esterification with quinic acid, were the most numerous phenolic
compounds in the RSF extract, representing half of the total compounds detected. Free quinic acid was
also found (Compound 7, Figure 4J). This was expected since quinic acid is an organic acid abundant
in plant tissues, that participates in metabolic routes as synthesis of lignin [60]. Succinic and cinnamic
acids were also identified tentatively (Compounds 1 and 13, Figure 4I,H, respectively), both organic
acids are precursors in the biosynthesis of flavonoids, isoflavones, and stilbenes [61].

Only a few flavonoids, stilbenes and their glycosylated derivates were identified in the RSF extract.
Two stilbenes were tentatively identified, compound 20 (Rt = 7.06 and m/z = 227.0723) as cis or trans
resveratrol (Figure 4K), and compound 19 (Rt = 5.58 and m/z = 243.0673) as piceatannol (Figure 4L),
a more hydroxylated derivative of resveratrol. Compound 11 (Rt = 2.54 and m/z = 345.0628) was
tentatively identified at as syringetin, a dimethylated flavonoid (Figure 4M). Compounds 14 and 15
(Rt = 3.73 and 3.86 with m/z = 609.1457 and 463.0894, respectively) were tentatively identified as
glycosylated flavonoids: kaempferol 3-dihexoside (Figure 4N), whose structure contains two sugar
moieties and isoquercetin, that is formed with quercetin and glucose (Figure 4O). Finally, one of the
few free phenolics tentatively identified in RSF with Rt = 0.59 and m/z = 441.0813, was catechin
gallate (Figure 4P). As described, the most abundant portion of phenolic compounds in the RSF extract
consisted of phenolic acids esterified with quinic acid, while a minor portion was more heterogeneous
containing flavonoids, stilbenes, and flavan-3-ols, mostly esterified with sugar moieties.

Only one study has been published identifying phenolic compounds in RSF, where
hydroxycinnamic, gallic, vanillic, caffeic, and coumaric acids were identified in acid-hydrolyzed
methanol extract and one flavonoid, epicatechin, was released by a continuous alkaline extraction [62].
In comparison with this previous study, a greater number of phenolic compounds were identified in
RSF methanol extract in the present work. This was made possible by using the UPLC-QTOF-MS
equipment whose main advantage is to provide a tentative identification of compounds for which no
commercial standards are available, by using information about the molecular weight of individual
phenolic compounds. To our knowledge, this is the first study to report a more detailed profile of
phenolic compounds in ramón seeds using this technique, allowing for the identification of their native
structures without alterations by hydrolytic reactions. This is important because acid and alkaline
hydrolysis can degrade the glycosyl or ester linkages, but at the same time can fragment the structure
of the phenolic compounds and alter their subsequent identification [63]. It is worth mentioning that
no hydrolysable or condensed tannins were identified in RSF, which should be considered beneficial
since tannins, despite their high antioxidant capacity are also known to interfere in nutrient absorption,
which is not desirable in a product aimed at groups in poverty and/or malnutrition.

Derivatives of phenolic acids esterified with quinic acid, such as chlorogenic acid and the caffeoyl,
coumaryl and feruloyl derivatives, found to be abundant in ramón seed, are typically found in coffee
beans, which are recognized as a good source of healthy antioxidant compounds with health benefits
like cardiovascular risk prevention. Special mention deserves those derivatives in which one quinic
acid is esterified with two phenolic acid moieties; for example, dicaffeoil quinic acid, which has
been found in medicinal plants and has a greater antioxidant activity than free phenolic acids [64].
The presence of stilbenes, such as resveratrol is also worth mentioning, although their abundance was
low, and their identity should be confirmed. Resveratrol is a phenolic compound that demonstrates a
wide range of health benefits as antioxidant, anti-inflammatory, and anti-proliferative in cancer cells.
It has been identified in foods like peanuts, grapes and their products like roasted peanut butter and
wine [65]. So, the fact that RSF can be considered a novel source of resveratrol for foods that regularly
do not have it, such as tortilla or other food formulations, endows this seed with meaningful functional
potential. The small number of flavonoids like syringetin, kaempferol and isoquercetin can further
increase the healthy properties of RSF.
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4. Conclusions

According to the results obtained in this study, Brosimum alicastrum Sw. seed flour (RSF) was a
good source of protein, dietary fiber and minerals, such as copper and potassium, and a natural iron
resource comparable to iron-fortified wheat flour (WF). In addition, RSF has a high antioxidant capacity
(AC) and is rich in phenolic compounds, mainly chlorogenic acid and other phenolic acids esterified
with quinic acid, although stilbenes and flavonoids were also present. The partial substitution of RSF
(25%) in a wheat flour tortilla (RFT) increased dietary fiber, copper and potassium content. The sensory
characteristics of RFT were like those of traditional flour tortilla (WFT), except for the light brown
color and higher rollability. RFT was soft and less cohesive and it was accepted by 64% of consumers.
Also, RFT increased 12 times its content of total polyphenolic compounds and twice its AC compared
to WFT. Therefore, ramón seed flour improves the nutritional value of wheat flour tortilla and may
provide potential functional properties that contribute to a healthier diet.

5. Patents

Patent request: MX/a/2018/011397. Dough of wheat flour and Brosimum alicastrum Sw. (ramón)
flour for elaboration of food products, preferably tortilla.
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Abstract: Protein-energy malnutrition (PEM) is a major health concern in sub-Saharan Africa (SSA).
Relying on unexploited and regionally available rich sources of proteins such as insects and sorghum
might contribute towards addressing PEM among at-risk populations. Insects are high in nutrients,
especially protein, and are abundant in SSA. Sorghum is adapted to the tropical areas of SSA and
as such it is an appropriate source of energy compared with temperate cereals like wheat. It is
necessary to assess whether cookies fortified with sorghum and termite would be suitable for
use in addressing PEM in SSA. Whole grain sorghum meal and termite meal were mixed at a
3:1 ratio (w/w sorghum:termite) to form a sorghum–termite meal blend. Composite cookies were
prepared where the sorghum–termite blend partially substituted wheat flour at 20%, 40%, and 60%
(sorghum–termite blend:wheat flour (w/w). The functional and nutritional qualities of the cookies
were assessed. Compared with the control (100% wheat flour), the cookies fortified with sorghum and
termite had about double the quantity of protein, minerals, and amino acids. However, with increased
substitution level of the sorghum–termite blend, the spread factor of the cookies decreased. There is a
potential to incorporate sorghum and termite in cookies for increased intake of several nutrients by
communities that are vulnerable to nutrient deficiencies, especially PEM.

Keywords: protein energy malnutrition; insect; sorghum; wheat

1. Introduction

The World Health Organization (WHO) estimates that about 60% of all deaths occurring among
children under five years of age in developing countries could be attributed to malnutrition [1].
Protein-energy malnutrition (PEM) results from deficiency in dietary protein and/or energy in varying
proportions [2]. Sub-Saharan Africa (SSA) continues to lead in bearing the brunt of PEM and globally,
the prevalence has continued to rise up to 47.3% with the worst increase occurring in regions of
Africa [3,4]. Therefore, an improvement in nutrition is needed to decrease the high mortality and
morbidity rates associated with PEM [5].

Sorghum, a drought-tolerant staple, contributes to the diet of over half a billion people in the regions,
where maize struggles to grow if there are very limited agronomic intervention technologies [6,7].
Baked products, such as bread and cookies are part of the leading foods world-wide, including in
the sub-Saharan African region. Therefore, they are the most appropriate vehicles to deliver vital
nutrients, for example protein to vulnerable populations [8]. In SSA, the limitation of producing wheat
due to the less conducive climatic conditions and the exorbitant demand on forex for its importation
creates a necessity to try to substitute wheat with the well adapted cereals like sorghum in baked
products [9]. However, sorghum grain is low in protein content, while the essential amino acids lysine,
threonine, and tryptophan are limited [10,11]. Hence, if sorghum were to be used to partially substitute
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wheat in baked goods, it would be necessary to find an accessible, yet high quality source of nutrients,
including protein, to complement it.

Insects are a traditional source of food in several parts of the world. They are especially rich
in protein, calcium, iron, and zinc [12,13]. The energy content of insects is comparable to that of
meat, except for pork, because of its particularly high fat content [14]. Furthermore, given that food
insecurity is prevalent in SSA, the use of insects in this region, where they are already being consumed,
although not at a nutritionally significant level, should be promoted to serve as an alternative protein
source, in particular. Thus, the incorporation of insect in popular, staple foods to complement staple
cereal grains should be considered.

Cookies are an energy dense and shelf-stable, popular baked ready-to-eat snack, consumed by
both children and adults globally [15,16]. The main ingredients in cookie baking include wheat flour, fat,
sugar, butter, and water. Other added ingredients may be optional or added to improve organoleptic
attributes [17]. With the afore-mentioned nutritional advantages of insects and the popularity of
cookies, it might be advantageous to complement sorghum with insects in partial replacement of wheat
flour in cookies to contribute to addressing PEM in developing regions, especially SSA.

Sorghum–legume cookies in which sorghum was combined with sunflower and peanut flours, to
increase the protein content of the cookies have been reported [18]. In addition, Mridula et al. [19]
reported that acceptable cookies could be developed with wheat–sorghum composite flours with up to
50% sorghum substitution level. Several studies have demonstrated the potential for supplementing
wheat flour with sorghum in bread, and cookies, and other snacks [9,20,21]. The influence of finger
millet flour [22], fibers from different cereals [23], maltodextrin, and guar gum [24] on the rheological
properties of dough and quality of cookies has also been reported. However, it appears that the
compositing of wheat, sorghum, and termite to make cookies has not been reported. Therefore,
this study aimed to determine the effect of partially substituting wheat flour with a sorghum–termite
blend on the nutritional composition and functional properties of cookies.

2. Materials and Methods

2.1. Preparation of Sorghum and Termite Meal Blend

Winged termites (Macrotermes belliscosus), harvested during the harmattan season were purchased
from Oja-oba main market in Ondo State, Nigeria, and used in this study. The termites were de-winged
and cleaned three times to remove soil and dirt. They were oven-dried at 40 ◦C for 8 h [25]. Dried insects
were milled into a meal with a blender to a particle size of ≤1 mm, vacuum packed, labelled and
stored at −4 ◦C until analysis. The termites were washed, dried in the oven, and milled into a meal.
Sorghum grain was purchased and cleaned to make sure they were free of dirt. A mill fitted with a
0.4 mm screen was used to grind whole grain sorghum meal into a meal [9]. Both the sorghum and
termite meal were used to substitute wheat flour at varying proportions (Table 1).

Table 1. Ratios of ingredients (wheat:sorghum and termite) for cookie formulation.

Ingredient Relative Concentration (% w/w)

Wheat flour 100 80 60 40
Sorghum meal 0 15 30 45
Termite meal 0 5 10 15

Identity of cookie sample C0
(control) C20 C40 C60

Sorghum:termite meal (ratio 3:1) replaced wheat flour at 0, 20, 40, and 60% (w/w) levels.
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2.2. Methods

2.2.1. Preparation of Cookie Samples

Cookies fortified with sorghum and termite as well as the control were prepared according to
the method described by de Jager [26], with minimal modification. The sorghum meal and insect
meal were mixed at a 3:1 (w/w) ratio to form a sorghum–termite blend. The ratio 3:1 was chosen after
preliminary trials in the laboratory revealed that other substitution levels of sorghum and termite
resulted in cookies that were too brittle. Experimental cookies were prepared where wheat flour was
partially substituted with different proportions of the sorghum–termite blend, 20%, 40%, and 60%
(w/w), separately. Cookies (100% wheat) in which no sorghum or insect was added served as the
control (Table 1). About 200 g of sugar, 5 mL of vanilla essence, 5 mL of salt, 50 g of powdered milk,
and 10 mL baking powder were sieved and mixed together with 480 g wheat flour for three to five
minutes. About 250 g of margarine was added to the mixture and kneaded for two minutes to form
a firm dough. The dough was rolled out, cut into desired shapes, and transferred into the oven.
Cookies were baked at 150◦ C in a preheated oven for 20 min. Cookies were crushed to a particle size
of ≤ 1 mm for chemical analyses and then stored.

2.2.2. Nutritional Composition

The nutritional composition of cookies was determined by standard methods stated below.

Ash

Ash was determined using the Association of Official Analytical Chemists (AOAC) official method
923.03 [27].

Protein

Crude protein was measured using the AOAC official method 968.06 [28].

Glycemic (Available) Carbohydrate Content

Glycemic carbohydrates were calculated by difference.

Fat

Fat content was determined according to the AOAC Official Method 920.39C [29].

Fiber

Fiber was done based on the method reported by Saha et al. [22].

Gross Energy

Gross energy was determined according to the AOAC Official Method 935.42 [30].

Selected Minerals

Mineral content was determined by the AOAC Official Method 6.1.2 [31].

Amino Acids

The amino acid profile of the cookie samples was analysed by the Waters API Quattro Micro
Method, which consists of a column C18, 1.7 μm, 2.1 × 100 mm and a binary solvent manager.
Samples (400 mg) were subjected to AccQ-Tag Ultra Derivatization kit (WatersTM, Johannesburg,
South Africa); 10 μL of the undiluted sample was added to the Waters AccQ-Tag kit constituents and
placed in a heating block at a temperature of 55 ◦C for 10 min. Injection volume was 1 μL and gradient
separation was performed using Solvents A and B from the Waters Accutag kit.
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In Vitro Protein Digestibility

In vitro protein digestibility was determined using the method described by Hamaker et al. [32].

2.2.3. Physical Characteristics

Physical quality parameters of the cookie samples, such as diameter, thickness, spread ratio,
and spread factor were determined using the procedure of the American Association of Cereal
Chemists [33].

Texture

Texture analysis of cookies fortified with sorghum and termite (Figure 1) was done using a TA-XT
plus 100C model texture analyzer (Stable Micro Systems, Godalming, UK). The cookies were measured
for hardness and fracturability using a three-point bend rig attachment at a 3.0 mm/s cross head speed
for a 5 mm distance and a 5 kg load cell.

Figure 1. Cookies fortified with sorghum and termite. C0: control (100% wheat cookies); C20:
15% sorghum and 5% termite substitution level; C40: 30% sorghum and 10% termite substitution level;
C60: 45% sorghum and 15% termite substitution level.

2.2.4. Functional PropertiesWater and Oil Absorption Capacity

Water and Oil Absorption Capacity

The water and oil absorption capacities were determined by the method of Sosulski et al. [34].

Bulk Density

The process reported by Okaka and Potter [35] was used to determine the bulk density of the
cookie flours.

2.2.5. Statistical Analysis

The resulting data was analysed using the Statistical Package for Social Science (SPSS version 20.0
SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) was done; and separation of means
was by Fisher Least Significance Difference (LSD) test. A p-value of ≤0.05 was considered significant.

3. Results

3.1. Proximate Composition

Protein, fat, and carbohydrates constitute the major nutrients in cookie samples (Figure 1).
The proximate composition of the cookies fortified with the sorghum–termite blend is presented in
Table 2. As expected, the highest protein content was observed in cookies containing 60% sorghum
and termite substitution level, which contained the most insect. The results showed that fat content
increased with increasing concentrations of the sorghum–termite blend. The fiber and ash content
of cookie samples fortified with the sorghum–termite blend was also significantly higher than the
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control. Carbohydrate content was higher in the control cookies than in the cookies fortified with the
sorghum–termite blend. The gross energy of the cookies fortified with the sorghum–termite blend was
higher than the control.

Table 2. The sorghum–termite blend on the proximate composition (g/100 g) and gross energy (kJ) of
cookies 1.

Sample Ash Protein Fat CHO Dietary Fiber Energy

C0 1.7 d ± 0.5 10.5 d ± 0.4 14.3 d ± 0.4 54.4 a ± 0.4 8.3 d ± 0.5 1180.2 d ± 0.5
C20 3.5 c ± 0.6 36.4 c ± 0.4 22.3 c ± 0.5 23.4 b ± 0.4 13.2 a ± 0.5 2032.8 c ± 0.5
C40 4.0 b ± 0.5 38.3 b ± 0.5 25.2 b ± 0.4 19.4 c ± 0.5 10.3 c ± 0.4 2108.4 b ± 0.3
C60 4.2 a ± 0.4 41.0 a ± 0.4 28.2 a ± 0.4 17.2 d ± 0.5 13.0 b ± 0.5 2217.6 a ± 0.2

Mean (±SD) of three determinations; CHO: glycemic carbohydrates; Means with different superscripts in a column
vary significantly (p < 0.05); 1 Values are on dry matter basis. kJ; refers to Kilojoules; C0: control (100% wheat
cookies); C20: 15% sorghum and 5% termite substitution level; C40: 30% sorghum and 10% termite substitution
level; C60: 45% sorghum and 15% termite substitution level.

3.2. Mineral Composition

The minerals abundant in the cookie samples were iron, phosphorus, and magnesium (Table 3).
The incorporation of the sorghum–termite blend substantially increased the mineral concentration of
the cookies. Zinc and iron were abundant in the cookie samples fortified with the sorghum–termite
blend. Cookies containing 60% of the sorghum–termite blend had the highest concentration of these
minerals compared with the cookie samples with lower concentrations of the sorghum–termite blend.

Table 3. Selected mineral elements in cookies fortified with sorghum–termite blend (mg/100 g) 1.

Minerals C0 C20 C40 C60
Recommended Daily Intake 2

Children Adults

Ca 2.5 d ± 0.4 5.5 c ± 0.5 8.6 b ± 0.5 10.8 a ± 0.5
Fe 2.4 d ± 0.6 28.5 c ± 0.4 34.2 b ± 0.5 37.4 a ± 0.4 4.2 19.6
Mn 1.2 d ± 0.5 13.2 c ± 0.4 17.3 b ± 0.4 24.5 a ± 0.4
Cu 0.8 d ± 0.6 1.4 c ± 0.5 2.4 b ± 0.5 3.8 a ± 0.6 0.9 1.3
K 1.8 d ± 0.6 12.5 c ± 0.4 18.6 b ± 0.5 22.9 a ± 0.4

Na 0.8 d ± 0.6 8.1 c ± 0.5 13.5 b ± 0.6 16.9 a ± 0.5
Zn 2.5 d ± 0.5 8.4 c ± 0.6 10.4 b ± 0.4 14.8 a ± 0.4 2.4 2.5
P 0.8 d ± 0.5 22.5 c ± 0.5 31.2 b ± 0.4 37.6 a ± 0.5

Mg 1.8 d ± 0.4 24.3 c ± 0.5 29.6 b ± 0.6 33.5 a ± 0.5

Mean (±SD) of three determinations. Means with different superscripts in a column vary significantly (p < 0.05).
1 Values are on dry matter basis. 2 Food and Agriculture Organization (FAO)/World Health Organization (WHO)
2006 Recommended daily intake for children and adults. C0: control (100% wheat cookies); C20: 15% sorghum and
5% termite substitution level; C40: 30% sorghum and 10% termite substitution level; C60: 45% sorghum and 15%
termite substitution level.

3.3. Amino Acid Content

Table 4 shows that cookies containing the sorghum–termite blend had substantial amounts of
amino acids and lysine and leucine were the major amino acids present. Cookies fortified with the
sorghum–termite blend showed the highest increase across all amino acids when compared with
the control.

209



Foods 2020, 9, 1427

Table 4. Essential amino acid composition of cookies fortified with sorghum–termite blend (mg/100 g) 1.

Amino Acids C0 C20 C40 C60
FAO Reference Pattern 2

Children Adults

Histidine 15 21 32 43 15
Lysine 10 22 37 49 75 45

Tyrosine 18 32 36 42
Cysteine 18 22 29 33 6

Tryptophan 10 18 24 32 4.6 6
Methionine 18 20 25 29 34 16
Isoleucine 28 35 40 46 37 30

Phenylalanine 25 33 39 44 34 30
Threonine 21 30 34 46 44 23

Leucine 27 48 58 63 56 59
Valine 27 42 45 47 41 39

1 Values are on dry matter basis; 2 Food and Agriculture Organization/World Health Organization (2007). C0: control
(100% wheat cookies); C20: 15% sorghum and 5% termite substitution level; C40: 30% sorghum and 10% termite
substitution level; C60: 45% sorghum and 15% termite substitution level.

3.4. In Vitro Protein Digestibility

The in vitro protein digestibility (IVPD) results are presented in Table 5. The addition of the
sorghum–termite blend improved the digestibility of cookies, which increased by 23.8% with the
incorporation of the sorghum–termite blend from 67% to 83%.

Table 5. In vitro protein digestibility of cookies fortified with sorghum–termite blend.

Samples IVPD g/100 g % Increase

C0 67 d ± 0.4 -
C20 73 c ± 0.2 8.95
C40 79 b ± 0.2 17.9
C60 83 a ± 0.3 23.8

Mean (± SD) of three determinations. Means with different superscripts in a column vary significantly (p < 0.05).
C0: control (100% wheat cookies); C20: 15% sorghum and 5% termite substitution level; C40: 30% sorghum and 10%
termite substitution level; C60: 45% sorghum and 15% termite substitution level.

3.5. Physical Characteristics

The physical characteristics of cookies fortified with the sorghum–termite blend are shown in
Table 6. The results showed that the addition of sorghum–termite blend reduced the weight of cookies,
compared with the control. Cookies fortified with 60% sorghum–termite blend (24.5 g) recorded the
highest weight loss when compared with the control (29.5 g). There was a progressive increase in the
thickness of the cookies fortified with the sorghum–termite blend (7.5 mm, 7.7 mm, and 7.9 mm for
sample C20, C40, and C60, respectively), when compared with the control (7.3 mm).

Table 6. Physical qualities of cookies fortified with sorghum–termite blend.

Samples Weight (g) Diameter (mm) Thickness (mm) Spread Factor

C0 29.5 a ± 0.5 45.8 a ± 0.2 7.3 c ± 0.6 6.2 a ± 0.4
C20 27.4 b ± 0.7 44.4 b ± 0.4 7.5 c ± 0.7 5.9 b ± 0.7
C40 25.4 c ± 0.7 42.3 c ± 0.6 7.7 b ± 0.4 5.5 c ± 0.5
C60 24.5 c ± 0.7 41.6 c ± 0.5 7.9 a ± 0.5 5.2 c ± 0.2

Mean (± SD) of three determinations. Means with different superscripts in a column vary significantly (p < 0.05).
C0: control (100% wheat cookies); C20: 15% sorghum and 5% termite substitution level; C40: 30% sorghum and 10%
termite substitution level; C60: 45% sorghum and 15% termite substitution level.
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3.6. Texture and Colour

The effect of incorporating sorghum and termite on the texture and colour of cookies is shown
in Table 7. The results showed that as the substitution level of the sorghum–termite blend increased,
the cookie hardness decreased. Further, cookies became darker with increasing concentration of the
sorghum–termite blend. The L* (lightness) values decreased and the a* (redness) values increased,
while b* (yellowness) values were similar across all cookie samples.

Table 7. Texture and colour of cookies fortified with sorghum–termite blend.

Sample Hardness (N) Fracturability (mm)
Colour

Hunter L* a* b*

C0 36.4 a ± 5.5 0.31 d ± 0.8 47.3 a ± 0.5 12.7 d ± 0.6 8.1 d ± 0.6
C20 29.4 d ± 8.6 0.64 c ± 1.2 46.2 b ± 1.2 14.5 c ± 0.8 8.3 c ± 0.7
C40 31.7 c ± 9.9 0.72 b ± 0.3 44.5 c ± 0.5 17.4 b ± 1.2 8.4 b ± 1.5
C60 32.1 b ± 0.4 1.14 a ± 0.1 41.2 d ± 0.6 18.8 a ± 0.7 8.6 a ± 0.7

Mean (± SD) of three determinations. Means with different superscripts in a column vary significantly (p < 0.05).
L* = Lightness, a* = Redness, b* = Yellowness. C0: control (100% wheat cookies); C20: 15% sorghum and 5% termite
substitution level; C40: 30% sorghum and 10% termite substitution level; C60: 45% sorghum and 15% termite
substitution level.

3.7. Water and Oil Absorption Properties of Cookie Flours

The oil absorption capacity (OAC) varied between 1.43 and 1.65 g oil/g flour (Figure 2) while the
water absorption (WAC) varied from 1.55 g to 1.78 g water/g flour. The results revealed that the higher
the sorghum and termite substitution level, the higher the absorption capacities of the flours.

Figure 2. Water and oil absorption capacity of cookie flours. Water absorption is expressed as g water/g
flour. Oil absorption is expressed as g oil/g flour. Error bar values are actual values obtained. C0: control
(100% wheat cookies); C20: 15% sorghum and 5% termite substitution level; C40: 30% sorghum and
10% termite substitution level; C60: 45% sorghum and 15% termite substitution level.

3.8. Bulk Density of Cookie Flours

The packed bulk density (PBD) and loose bulk density (LBD) varied (Figure 3). The PBD was
0.69 g/mL for the control and 0.96 g/mL for the 60% composite flour containing the sorghum–termite
blend, which was much higher than the control. The LBD ranged between 0.59 and 0.87 g/mL. All
composite flours containing wheat, sorghum and termite had relatively higher LBD than the wheat
flour (control).
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Figure 3. Bulk density of cookie flours. Error bar values are actual values obtained. C0: control
(100% wheat cookies); C20: 15% sorghum and 5% termite substitution level; C40: 30% sorghum and
10% termite substitution level; C60: 45% sorghum and 15% termite substitution level.

4. Discussion

4.1. Proximate Composition

Protein content was significantly higher in all cookies fortified with the sorghum–termite
blend (36.4 to 41.0 g/100 g), compared with the control (10.5 g/100 g). This result agrees with
Koffi-Niaba et al. [36], who reported that supplementing sorghum with termite flour significantly
improved the protein content from 9.6% in the control to 21.7%. A report by Kinyuru et al. [37]
working on the nutritional quality of wheat buns enriched with edible termites also found that the
buns showed a significant increase in protein content (47.5%), when compared with buns without
termite substitution. It has been reported that fortifying sorghum with defatted soy flour significantly
enhanced the protein quality and content of cookies [21]. Similar results have also been reported by
Omoba and Omogbemile [38]. Further, as the concentration of the sorghum–termite blend increases,
a substantial increase was observed in the fat content. This is expected as termites, the insect used
in this study ranked among the highest in fat concentration [39,40]. Fibre also recorded a significant
increase across all cookies containing sorghum–termite blend due to the addition of insects (10.2 to
13.5 g/100 g). Fiber is beneficial in the human diet to reduce the risk of heart disease, blood pressure,
obesity, and lower cholesterol levels [41].

The ash content of the cookie samples fortified with the sorghum–termite blend (3.5 to 4.2 g/100 g)
was significantly higher than the control (1.7 g/100 g). However, C0 (control), had the highest
carbohydrate content (54%). Cookies containing 60% sorghum–termite blend had the highest energy
value (2217.6 kJ/100 g) and the lowest was recorded in the control (C0) (gross energy: 1180.2 kJ/100 g).
This result could be attributed to the high fat content of the experimental cookies. The energy
value of edible insects has been reported to depend mainly on their fat content [38]. Similar results
were reported by Koffi-Niaba et al. [36], they obtained between 1626 kJ/100 g and 1712 kJ/100 g in
sorghum-based cookies fortified with termites. Overall, these are promising results and developing
countries, where PEM remains a major problem, could benefit from the consumption of these cookies.

4.2. Mineral Composition

Cookie samples fortified with the sorghum–termite blend had increased mineral content compared
with the control (Table 3). The calcium content was significantly higher (5.5 to 10.8 mg/100 g) when
compared with the control (2.5 mg/100 g). The iron content varied significantly, with the highest level
(37.4 mg/100 g) found in sample C60 (45% sorghum, 15% insect substitution level). Although insects are
known to have high levels of minerals [40], the higher levels noted in this study could also be partially
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attributed to the high iron content in sorghum [42]. Zinc levels were also significantly high across all
cookies fortified with the sorghum–termite blend (8.4 to 14.8 mg/100 g), compared with the control
(2.5 mg/100 g). This supports Yhoungaree et al. [43], who stated that insects are a valuable source
of iron and zinc. A previous study used caterpillar cereal to prevent anemia and stunting in infants.
The authors found that the caterpillar cereal produced had appropriate macro and micronutrient
contents and concluded that it could be used for complementary feeding [44]. This further supports the
results in this study, which showed that consumption of insects, could prove to be a valuable measure
to combat deficiencies of iron and zinc in developing countries.

In this study, phosphorous content was highest in the cookie sample containing 60% sorghum–
termite blend (37.6 mg/100 g) and lowest in the control (0.8 mg/100 g). Magnesium ranged from 24.3 to
33.5 mg/100 g in cookies fortified with the sorghum–termite blend, which was significantly higher than
the control (1.8 mg/100 g). Copper ranged from 0.8 mg/100 g in the control to 3.8 mg/100 g in sample C60
(45% sorghum and 15% termite substitution level). Manganese ranged between 13.2 and 24.5 mg/100 g
in cookies fortified with the sorghum–termite blend, which was higher than the control (1.2 mg/100 g).
Overall, the addition of sorghum and termite substantially increased the mineral profile of the cookies.
This study demonstrates the potential of edible insects to increase the intake of minerals, which are well
reported to be deficient and causing severe public health problems in poor populations [45]. Given the
worldwide deficiencies of these minerals among human population groups [46], insect-fortified cookies
would supply the amount of iron and zinc required for basic body functions. Further, the bioavailability
of minerals from insects is likely to be higher than that from plant foods because their nutrients are
easily assimilated by the human body and there are no antinutritional factors such as phytic acid and
oxalic acid in insects [47,48]. Previous studies found an appreciable concentration of minerals: calcium,
iron, magnesium, copper, potassium, sodium, and zinc, and a particularly high iron content present in
termites (syntermes soldiers) [49]. Chakravorty et al. [50] also reported that insects; Oecophylla smaragdina
and Odontotermes sp. can serve as a source of micronutrients such as Fe, Zn, Cu, and Mn. Therefore,
the consumption of insects should be encouraged, especially among rural communities with low
animal protein intake, to contribute to meeting their nutritional requirements.

4.3. Amino Acid Profile

Lysine was significantly higher in cookies fortified with the sorghum–termite blend. The increase
in lysine could also be attributed to the addition of the insect (termite) meal. It has been reported that the
most concentrated essential amino acid found in termites was lysine [51]. As stated earlier, cereal grains
are important staples in diets globally but are generally lysine deficient [39]. Therefore, supplementing
cereal-based foods with insect is recommended as it would improve the lysine content of the foods.
The lysine content reported in this study accounted for 80% of the recommended intake for children and
100% requirements for adults. The fact that insects are a traditional food in most developing regions,
including SSA [52] is an advantage. Tryptophan and threonine known to be deficient in cereal proteins
were also significantly higher in cookies fortified with the sorghum and termite meal. Tryptophan
content was lowest in the control (10 mg/100 g) and ranged between 18 mg/100 g and 32 mg/100 g
in cookies fortified with the sorghum–termite blend. Threonine content in cookies fortified with the
sorghum–termite blend was between 30 mg/100 g and 46 mg/100 g, compared with 21 mg/100 g in the
control. High concentrations of methionine and cysteine were also found (20 to 29 mg/100 g and 22 to
33 mg/100 g, respectively), in comparison to the control (18 mg/100 g and 18 mg/100 g methionine and
cysteine, respectively). Histidine content ranged from 21 to 43 mg/100 g. Histidine is a precursor of
histamine, which is present in small quantities in cells. Histamine communicates messages to the brain,
triggers the release of stomach acid to aid digestion, and is released after an injury or allergic reaction
as part of the body’s immune response [53]. Further, children grow poorly if there is an absence of
histidine in their diet [53]. Therefore, cookies fortified with sorghum–termite blend developed in
this study could be a good source of histidine required by children. Isoleucine (35 to 46 mg/100 g),
leucine (48 to 63 mg/100 g), phenylalanine (33 to 44 mg/100 g), tyrosine (32 to 42 mg/100 g), and valine
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(42 to 47 mg/100 g) were also present in abundance. Overall, the concentrations of amino acids obtained
in this study are higher compared with the concentrations found in meat sources such as beef, pork,
and chicken meat [54]. Although it has been reported that the nutritional composition of insects may
vary due to their feeding habits and harvesting season [51], values reported in this study could be
largely dependent on the environmental factors from where the termites were purchased. As compared
with the 2007 Food and Agriculture Organization (FAO)/World Health Organization (WHO) standard,
the concentrations of the essential amino acids in all cookies fortified with the sorghum–termite blend
were generally higher than the pattern of amino acid requirements for both children and adults [55]
(Table 4). Hence, the developed cookies would be able to contribute to the essential amino acids in
the human diet. Although most of the amino acids reported exceeded the requirements, they can be
viewed as beneficial, especially for population groups whose staple diet consists of maize and wheat,
which may lack some of the important amino acids [56].

4.4. In Vitro Protein Digestibility

In vitro protein digestibility (IVPD) ranged from 67% to 83% (Table 5). The reason for the higher
IVPD in the cookies fortified with the sorghum–termite blend compared with the control is likely due
to the higher digestibility of insect protein. Insect protein is highly digestible, and a range of 77% to 98%
digestibility has been reported [39,57]. The results of this study are similar to the results reported by
Ajayi [58], who reported high digestibility for winged termites (83.41%) and soldier termites (81.10%).

4.5. Physical Characteristics

The results show that as the sorghum–termite blend substitution level increased, cookie diameter
decreased. Cookies containing 60% of the sorghum–termite blend had the lowest spread factor.
The experimental cookies had a lower spread factor relative to the control most likely due to dilution
of gluten, which is essential in the expansion of baked products [59–61].

4.6. Texture and Colour

The decrease in hardness and high fracturability of cookies fortified with the sorghum–termite
blend may be attributed to dilution of gluten in the experimental cookies, because sorghum and
termite do not contain gluten proteins. Gluten, which is formed during the dough mixing process and
coagulated into a fiber-like foam, is responsible for the mechanical structure of baked products [61].
Furthermore, coarse particles may have been introduced by the increased fiber content of cookies,
interfering with the homogeneity of the dough and cookie structure, thereby resulting in lower hardness
values [62]. Additionally, the high crumbliness and fragility of the experimental cookies could also be
due to high level of bran and the absence of gluten [63]. Table 7 shows that the 100% wheat cookies
(control) were the hardest and least fracturable of all the cookies. The C0 (control) recorded the lowest
fracturability value, while the maximum fracturability value was recorded for C60 (45% sorghum
and 15% termite substitution level). Higher fracturability for cookies enriched with fiber has also
been reported [64]. A previous study by Awobusuyi et al. [65], reported that fortifying wheat with a
sorghum–insect meal did not compromise the product quality or acceptability, as the texture of the
cookie samples containing the sorghum–termite meal was liked and rated the same as that of the
control (100% wheat cookies).

The cookies darkened (decreasing Hunter L* values) with increased concentration of the
sorghum–termite blend. This is likely due to the darker colour of the sorghum insect blend compared
with wheat flour. Awobusuyi et al. [65], reported that the acceptability of sorghum–insect cookies and
the colour acceptability of cookie samples supplemented with 5% sorghum–termite meal was higher
when compared with the control (100% wheat biscuits) and cookies with higher concentrations of
termites. It has also been reported that cookies made with whole meal sorghum resulted in cookies
with a darker colour [63]. In addition, the increased protein content of the experimental cookies would
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result in production of higher levels of Maillard reaction products, the majority of which are brown
pigments [66].

4.7. Water and Oil Absorption Properties of Cookie Flours

The results revealed that the higher the sorghum–termite blend substitution level, the higher the
water absorption capacity (WAC). Water absorption capacity is a product’s ability to interact with
water under restricted conditions [67]. Previous reports have suggested that flours with high water
absorption capacity as the composite flours of this study would be beneficial in bakery products,
as this could prevent staling by reducing moisture loss [68]. Similarly, oil absorption capacity (OAC)
increased with increasing substitution level of sorghum–termite blend. Oil absorption capacity
(OAC) refers to the capability of flour to absorb oil [69]. This is vital because oil acts as a flavour
retainer and improves the mouth feel of cookies [70]. The observed trend of an increase in OAC
with an increase in the concentration of the termite meal in biscuits may be attributed to the high
protein content of the termite meal. The main chemical component affecting OAC in foods is protein,
which is composed of both hydrophilic and hydrophobic parts. Hydrophobic proteins possess superior
binding of lipids—non-polar amino acid side chains predominant in hydrophobic proteins can form
a hydrophobic interaction with hydrocarbon chains of lipids, and thereby increase OAC [71,72].
The blends in this study are potentially valuable in the structural interaction in food, which is also
important in developing new food products and the extension of shelf life, particularly in baked foods
or other food products where fat absorption is desired [73,74].

4.8. Bulk Density of Cookie Flours

The results show that all flours containing the sorghum–termite blend had relatively higher
packed bulk density (PBD) and loose bulk density (LBD) than the control. This indicated that the
sorghum–termite blend had a higher bulk density than wheat flour. As explained earlier, bulk density
provides information on the porosity of a product and can affect the choice and design of the packaging
materials [42].

5. Conclusions

Cookies fortified with a sorghum–termite blend have the potential to serve as a protein, energy,
and nutrient-rich supplementary food to address PEM. The results of the present study suggest that a
sorghum–termite blend can be successfully incorporated into cookies up to a level of 60% (15% insect)
and yield cookies of high nutritional value. The contribution of the experimental cookies to dietary
iron, zinc, and lysine would be of particular significance as deficiencies of these nutrients remain a
problem in Africa, especially in countries in SSA.
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Abstract: Despite the wide use of traditional non-extruded fortified blended foods (FBFs), such as
corn soy blend plus (CSB+), in supplementary feeding programs, there is limited evidence of its
effectiveness on improving nutritional outcomes and little information on actual sensory properties.
Fifteen novel extruded FBFs were developed with variations in processing and ingredients in
order to improve the quality of food aid products based on the Food Aid Quality Review (FAQR)
recommendations. Descriptive sensory analysis was performed to determine the effects of the
processing parameters and ingredients on the sensory properties of traditional and novel FBFs. The
extrusion process affected the aroma and flavor of the tested products. Novel FBFs from the extrusion
process had more pronounced toasted characteristics, probably because of the high temperature
used during extrusion. The ingredient composition of the FBFs also had a significant impact on the
sensory properties of the products. The addition of sugar to novel FBFs leads to a significant increase
in sweetness, which could improve acceptance. The level of lipids in binary blends appeared to be
mainly responsible for the bitterness of the product. In addition, legumes, which were a primary
ingredient, contributed to the beany characteristics of the products. The higher amounts of legume
used in the formulations led to beany characteristics that could be perceived from the products and
could be a negative trait depending on consumers’ prior use of legume-based products.

Keywords: fortified blended foods (FBFs); sensory; food aid; extrusion; cereal; legume; infant;
child; porridge

1. Introduction

Food insecurity around the world is always increasing due to many causes, including growing
populations, poverty, and natural disasters [1]. The State of Food Insecurity in the World, 2015 reported
that approximately 795 million people in the world were undernourished in 2014–2016 [2]. Fortified
blended foods (FBFs) were developed in the 1960s by the United States Agency for International
Development (USAID, Washington, DC, USA) to provide a supplement for young children who
suffered from moderate acute malnutrition in many developing countries around the world [3,4]. The
most commonly distributed cereal based FBF by USAID is a corn-soy blend (CSB) which consists of
corn (75–80%) as a source of carbohydrate and soy (20–25%) as a source of protein. Although FBFs
form an important part of the food aid ration, there is limited evidence of their abilities in treating
young children with malnutrition [3–5] and little information on their sensory properties.

The Food Aid Quality Review (FAQR) in 2011 by Webb et al. [6] recommended changing the
formulation of existing FBFs in order to improve their nutritional quality. These recommendations
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included adding animal-source protein to promote linear growth of children, increasing fat content
through the addition of vegetable oil, adding a flavor enhancer to formulations to improve the
acceptability of FBFs, and upgrading micronutrient compositions in FBFs. In addition, the decortication
of cereals and legumes used in FBFs is recommended in order to reduce the fiber content and eliminate
phenolic compounds that can reduce the energy intake and lower protein digestibility and mineral
absorption [5].

Another recommendation from Webb et al. [6] was to increase the solids content of FBFs to 20% to
increase the nutrient content. However, porridge prepared from the current FBFs at this concentration
is too viscous for consumption by infants and young children [7]. Mothers normally add more water
into porridge to make it more drinkable before feeding it to their children, which results in a low
nutritional value and energy density [5]. Extrusion cooking of starchy ingredients for FBFs can result
in less viscous cooked porridge, making them more ideal for delivering higher density energy meals at
lower viscosities for infants and young children [8]. Extruded products also require short cooking times
and less fuel [5], which makes them more valuable to people with limited time and energy sources.

Webb et al. [6] also encouraged the exploration of new grains or legumes that could be used
beyond the traditional FBFs, including CSBs and wheat-soy blends (WSB). Corn has been used as the
main staple for current FBFs because it is a good source of starch, plant-based protein, dietary fiber,
B vitamins, and is available in bulk for the food aid program [9,10]. However, the high demand of corn
for many uses, especially for fuel production, makes the prices increase [11] and this directly affects
food aid commodities. Heat-treated soy in full fat form or defatted flour is primarily used as a source
of protein in FBFs. However, soy may contain high levels of anti-nutritional factors, such as phytate
and phytoestrogen, which have unknown long-tern health effects [9].

Sorghum has been examined as a potential alternative ingredient in FBFs with a number of
advantages over corn, including higher levels of protein, fat, and some micronutrients when processed
properly [12,13]. Cowpea has also been considered as an alternative legume that can be used in
FBFs because of the high levels of protein, energy, and other nutrients [14]. Sorghum and cowpea
are cultivated and consumed as part of human foods in many parts of developing countries [14,15].
Therefore, populations in these areas should be familiar with the flavor of sorghum and cowpea,
which makes these good candidates for use in FBFs. Moreover, both sorghum and cowpea are mostly
non-genetically modified organism (GMO) crops, which allows them to be used in many countries that
have banned the use of GMO products.

Recent work has shown that various types of extruded FBFs made with sorghum or corn and
cowpea or soy are at least as preferred as CSB+ by children in Tanzania [16]. In addition, data has
shown that the shelf-life of such products is generally 24 months or greater [17], far exceeding the
required shelf-life for such products.

Based on the recommendations of the FAQR, fifteen newly formulated, extruded FBFs with
varied processing techniques and ingredients were developed. The objective of this study was to
determine the effects of processing techniques (extrusion vs. non-extrusion, milling type, decortication
process, and the step of adding antioxidant to the product) and ingredients on the sensory properties
of traditional and novel FBFs.

2. Materials and Methods

2.1. Samples

Fifteen novel extruded FBFs and one current-non extruded FBF were used in this study. These
products were potential variations in a large feeding trial in Tanzania to test sorghum cowpea blends
against other products [18].
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2.1.1. Novel Extruded Fortified Blended Foods

Fifteen possible extruded FBFs varied in milling type, decortication process, the order of adding
antioxidant to the blends, and ingredients are shown in Table 1.

The whole grains—sorghum varieties V1 (Fontanelle 4525), V2 (738Y), V3 (217X Burgundy) (Nu
Life Market, Scott City, KS, USA), and corn (Agronomy Foundation Seed, Kansas State University,
Manhattan, KS, USA) were used for pilot milling at Hall Ross Flour Mill (Kansas State University,
Manhattan, KS, USA) to obtain whole and decorticated flours. Soybeans (Kansas River Valley
Experiment Field, Kansas State University, Manhattan, KS, USA) and cowpea grains (LPD Enterprises
LLC, Olathe, KS, USA) were milled at Hall Ross Flour Mill (Kansas State University, Manhattan, KS,
USA). Commercially milled whole and decorticated sorghum flour variety V1 were obtained from Nu
Life Market, Scott City, KS, USA. Commercially milled degermed corn flour and whole corn flour were
purchased from Agricor, Marion, Indiana, USA. Defatted soy flour was purchased from American
Natural Soy, Cherokee, IA, USA.

The cereal/legume flours were blended. For seven sorghum-cowpea blends, one of the three
sorghum varieties of flour, whole or decorticated, was mixed with cowpea flour. For five sorghum-soy
blends, sorghum variety V1, whole or decorticated, was mixed with low fat (1.85%), medium fat
(6.94%), or full fat (16.93%) soybean flour. For three corn-soy blends, whole or degermed corn flour with
medium fat and full fat soybean flour were used. All binary blends were extruded on a single screw
extruder X-20 (Wenger Manufacturing Inc., Sabetha, KS, USA) at a screw speed ranging from 500–550
rpm with 18–24% process moisture. The extrudates were cut at the die exit with a face-mounted five
blade rotary knife, and dried in a Wenger double pass Dryer/Cooler (Series 4800, Wenger Manufacturing
Inc., Sabetha, KS, USA) at 104 ◦C for 10 min.

The dried extrudates were ground using a Schutte Buffalo Hammer mill (Buffalo, NY, USA). The
ground binary blends were then mixed with sugar (Domino Foods, Inc., Yonkers, NY, USA), whey
protein concentrate WPC80 (Davisco Foods International, Inc., Eden Prarie, MN, USA), antioxidant
(BHA, butylated hydroxyanisole and BHT, butylated hydroxytoluene), vitamins and minerals (Research
Products Company, Salina, KS, USA), and non-GMO soybean oil (Zeeland Farm Services, Inc., Zeeland,
MI, USA). The composition of all blends is shown in Table 2.

2.1.2. Current Non-Extruded Fortified Blended Food

Corn soy blend plus (CSB+) was produced by Bunge Milling (St. Louis, MO, USA) according to
the USDA commodity requirements [19] (Table 2).

2.2. Sample Preparation

All products were prepared into porridges, which are the most common dishes prepared from
cereal-based commodities for children in developing countries [20–22], with 20% solids content
according to the recommendation from [6].

A weighted FBF flour (200 g) was mixed with cold water (400 mL) to prevent the formation of
lumps. The mixture was then added to boiling water (400 mL), brought back to a boil, cooked with
continuous stirring with a wooden spoon for 2 min for extruded FBFs and 10 min for non-extruded
FBFs. The sample was removed from the stovetop and cooled to a temperature of 45 ◦C, which is the
typical consumption temperature by infant and young children [23].
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Table 2. Composition of extruded FBFs and non-extruded FBFs.

Ingredients (%)

Extruded FBFs 1 Non-Extruded FBF

Sorghum-Cowpea
Blends (SCB)

Sorghum-Soy
Blends (SSB)

Corn-Soy
Blends (CSB)

Corn Soy Blend
Plus (CSB+)

Sorghum flour 24.7 47.6
Cowpea flour 38.6

Corn flour 48.1
Corn (White or Yellow) 78.5

Whole soybeans 20.0
Soy flour 15.7 15.2

Sugar 15.0 15.0 15.0
Whey Protein Concentrate

(WPC80) 9.5 9.5 9.5

Soybean oil 9.0 9.0 9.0
Vitamin & Mineral Premix 3.1 3.1 3.1

Antioxidant 2 0.1 0.1 0.1
Vitamin/Mineral 0.2

Tri-Calcium Phosphate 1.2
Potassium Chloride 0.2
1 For extruded FBFs with full-fat soy, WPC80 was increased from 9.5 to 13.0%, and soybean oil was decreased from
9 to 5.5%. 2 Antioxidant was a mixture of 50% butylated hydroxyanisole (BHA) and 50% butylated hydroxytoluene
(BHT).

2.3. Descriptive Sensory Analysis

Descriptive sensory analysis was conducted by six highly-trained panelists at the Center for
Sensory Analysis and Consumer Behavior, Manhattan, Kansas USA. All of these panelists had
completed 120 h of general descriptive analysis panel training, and had over 2000 h of evaluation
experience with a wide array of food products, including cereal-based products.

Sixteen sensory attributes, including 6 aroma and 10 flavor, were evaluated in all samples (Table 3).
Some of the same attributes were used in Chanadang et al. [23].

Fifty grams of each prepared porridge was served in a 4 oz styrofoam cup (Dart container
corporation, Mason, MI, USA) and labeled with a three-digit code for each panelist. All samples were
evaluated on a numerical scale of 0–15 with 0.5 increments, where 0 represents none and 15 represents
extremely high. The samples were prepared and evaluated in triplicate in a randomized order.

2.4. Data Analysis

Sixteen sensory attributes were evaluated for all porridge samples, however, panelists did not
detect rancid or painty characteristics in any samples. Therefore, twelve sensory attributes, besides
rancid and painty characteristics, were reported and analyzed in this study.

Data for each sensory attribute was analyzed by a one-way ANOVA mixed effect model (SAS
version 9.4, The SAS Institute Inc., Cary, NC, USA) using PROC GLIMMIX to determine significant
differences (p≤ 0.05) among porridge samples. Tukey’s HSD test was used at the 5% level of significance
to locate significant effects of the sample on each sensory property. Principal component analysis
(PCA) was performed in order to visualize the relationship among sensory attributes and samples
using Unscrambler® X 10.5 (Camo, Magnolia, TX, USA).
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3. Results and Discussion

The results showed that six out of twelve sensory attributes were significantly different among
porridge samples (p ≤ 0.05), including toasted and beany aroma and flavor, sweetness, and bitterness
(Table 4).

Porridges prepared from novel extruded FBFs appeared to be higher in toasted aroma and flavor
than non-extruded FBF (CSB+), although, not all novel extruded FBFs were significantly different from
CSB+ in this sensory characteristic (p > 0.05). The high temperature used in the extrusion process
might be the main reason for the increased toasted characteristic in extruded FBFs. Extrusion cooking
of cereal normally involves thermally induced reactions, including the Maillard reaction, that could
generate chemical compounds that correspond to a desirable aroma and flavor of the products [24,25],
including such aspects as “toasted” sensory properties. Parker et al. [26] reported that extruded
cereal samples with high levels of Maillard reaction products, such as pyrazines and sulfur-containing
alicyclic compounds, were generally described as having a desirable toasted or roasted cereal aroma
and flavor. Besides the extrusion process, other processing parameters, including types of milling,
decortication process, and the step of adding antioxidant to the blends, did not show significant effects
on sensory properties of FBFs in this study.

The composition of FBFs seemed to be another important factor that affected the sensory
properties of the products. Porridges prepared from sorghum-cowpea blends, especially WSCB-V3,
had significantly higher intensity in beany aroma and flavor (p ≤ 0.05) than the ones prepared from
sorghum-soy and corn-soy blends. Beany characteristics are often found in legume-containing products
and are attributed to the action of the lipoxygenase enzyme, which catalyzes the lipid oxidation of
linolenic and linoleic fatty acids [27,28]. Since all of the products in this study contained legumes (either
soybeans or cowpea), the difference in intensity in beany characteristics among products was primarily
due to the amount of legume used in each blend. This probably explains why sorghum-cowpea blends
with higher amounts of legume (38.6% cowpea) were higher in beany aroma and flavor.

The variety of sorghum used in FBFs might be another factor that affected the beany property of
the products. The blend containing whole red sorghum flour (WSCB-V3) was significantly higher in
beany flavor than the rest of the FBFs, except for the one that contained decorticated red sorghum flour
(SCB-V3). Vara-Ubol et al. [29] indicated that beany was considered as a combination of attributes,
including musty/dusty, musty/earthy, sour aromatics, and characterizing attributes such as green/pea
pod, nutty or brown. Red sorghum varieties were reported to have higher dusty flavor [30] and
porridges made with red sorghum were also reported to have higher overall flavor intensity [31]. FBFs
with red sorghum variety in this study might be higher in dusty flavor or overall intensity, and that
resulted in an increased intensity of beany characteristics.

Porridges prepared from various FBFs were also significantly different in sweetness (p ≤ 0.05).
As expected, novel extruded FBFs with the addition of 15% sugar were significantly higher in sweetness
than the traditional non-extruded FBF (CSB+) (p≤ 0.05). The addition of sugar into the FBFs formulation
was not only to provide energy, but could also to increase the palatability and consumption of the
products [6]. Iuel-Brockdorf et al. [32] also found that products with a sweeter flavor received better
ratings in terms of child and caregiver acceptability.

Salt was significantly different among the FBFs porridges (p ≤ 0.05), however, it was only a small
difference (lower than 0.5 points on a 15 point scale). The higher intensity of salt in novel extruded
FBFs was probably due to the higher amount of vitamin and mineral premix that had been added into
the formulation. Gilbertson et al. [33] indicated that the taste system plays important roles in nutrient
identification and salty taste reflects the recognition of minerals in foods. The study by Teillet et al. [34]
also found that a more salty taste was found in waters with higher mineral contents.
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Porridge prepared from binary blends with higher levels of lipids, e.g., whole corn with full-fat
soybean blend (WCS”B), was significantly higher in bitterness than most of the FBFs porridges
(p ≤ 0.05). The high temperature used in the extrusion process could have accelerated the degradation
of lipids, and the degraded lipids appeared to be associated with unpleasant flavors, such as astringent,
bitter, and rancid [24,35,36]. WCS”B, which had high levels of lipid, was more likely to have a higher
amount of degraded lipid after the extrusion process, and this could result in the higher bitter taste of
the cooked porridge.

Principal component analysis (PCA) of twelve sensory attributes helped to visualize the differences
among porridge samples (Figure 1). PC1 accounted for 39% of the variation, and seemed to differentiate
among samples according to beany, toasted, grain, musty, and bitter attributes. PC2 accounted for 25%
of the variation, and seemed to differentiate among samples according to flavor attributes, including
astringency, sweetness, and saltiness. Current non-extruded FBF (CSB+) was separated from novel
extruded FBFs due to the lower intensity in sweetness, saltiness, and astringency. Extruded corn-soy
blends and extruded sorghum-soy blends were grouped together and had more pronounced bitter and
musty attributes. As previously mentioned, the extruded products containing higher amount of lipids
were more bitter (p ≤ 0.05) because of the high possibility of having more degraded lipids. However,
it must be noted that the lipids certainly were not degraded enough to produce marked changes in
shelf-life [17]. Phenolic compounds, which can be found in sorghum, are responsible for the bitterness
of many similar foods and may cause a negative effect on products’ acceptability [35,37]. Therefore,
the higher amount of sorghum (47.6% sorghum) used in sorghum-soy blend formulations was another
reason that made those blends higher in bitter taste. This effect also was found in 20% solids FBFs
made of sorghum without added sugar [38].

  

(a) (b) 

Figure 1. Principal component analysis of the porridges prepared from FBFs and sensory attributes (a)
Score plot. (b) Correlation loading plot. For the FBFs, W =Whole, first S = Sorghum flour, first C =
Degermed corn flour, second S = Low-fat soy flour, S’ =Medium-fat soy flour, S” = Full-fat soy flour,
second C = Cowpea flour, V1 and V2 =White variety of sorghum, V3 = Red variety of sorghum, com =
Commercial milling, (pre-anti) = Antioxidant had been added to the binary blend before extrusion
process. CSB+ represents the control sample (current non-extruded FBF).

All extruded sorghum-cowpea blends were grouped together. They were mainly characterized by
toasted, grain, and beany attributes. The sorghum-cowpea binary blend that was used to make extruded
sorghum-cowpea blends had lower levels of lipids compared to sorghum-soy and corn-soy binary
blends [39]. Feng and Lee [40] reported that during extrusion, the lipid worked as a lubricant, and
decreased the temperature in the extruder barrel. The lower amount of lipids in the sorghum-cowpea
blend contributed to higher friction between the particles in the mix and the screw surface, and directly
related to a higher temperature in the extruder barrel. The higher temperature during the extrusion
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process could probably generate higher levels of chemical compounds from the Maillard reaction,
which were responsible for desirable attributes, such as cereal-like, toasted, or roasted aromas [24,26].

4. Conclusions

The results from this study clearly identified the effects of the extrusion process and ingredients
used on the sensory properties of the products. Novel FBFs from the extrusion process had more
pronounced toasted characteristics due to the higher temperature during extrusion. The type of milling,
decortication process, and the step of adding antioxidant to the blends did not show effects on the
sensory properties of FBFs in this study. Adding sugar and increasing the amount of vitamin-mineral
premix in the novel FBFs formulation increased the sweetness and saltiness of the products, respectively,
as expected, which is not surprising given that caregivers have been shown to add sugar to current
unsweetended FBFs. The level of lipids in binary blends was mainly responsible for the bitterness
of the product. In addition, legumes, such as soybeans and cowpeas, were the main ingredient that
contributed to the beany characteristics of the products. The higher amount of legume used in the
formulations, the more beany characteristics that could be perceived from the products.
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Abstract: Upcycling food industry by-products has become a topic of interest within the framework
of the circular economy, to minimize environmental impact and the waste of resources. This research
aimed at verifying the effectiveness of using almond skins, a by-product of the confectionery industry,
in the preparation of functional biscuits with improved nutritional properties. Almond skins were
added at 10 g/100 g (AS10) and 20 g/100 g (AS20) to a wheat flour basis. The protein content was not
influenced, whereas lipids and dietary fiber significantly increased (p < 0.05), the latter meeting the
requirements for applying “source of fiber” and “high in fiber” claims to AS10 and AS20 biscuits,
respectively. The addition of almond skins altered biscuit color, lowering L* and b* and increasing a*,
but improved friability. The biscuits showed sensory differences in color, odor and textural descriptors.
The total sum of single phenolic compounds, determined by HPLC, was higher (p < 0.05) in AS10
(97.84 μg/g) and AS20 (132.18 μg/g) than in control (73.97 μg/g). The antioxidant activity showed
the same trend as the phenolic. The p-hydroxy benzoic and protocatechuic acids showed the largest
increase. The suggested strategy is a practical example of upcycling when preparing a health-oriented
food product.

Keywords: almond skins; by-product; upcycling; biscuits; health claims; fiber; nutritional composition;
sensory properties; phenolic compounds

1. Introduction

Recently, the reuse of food industry by-products has become a particularly important research topic,
in order to develop systems capable of minimizing environmental impact and the waste of resources.
The confectionery industry, in the production of blanched almonds, generates large quantities of almond
skins as a by-product, which are mostly destined to cattle feeding [1] and composting [2]. However,
almond skins can be considered functional food ingredients because they contain several bioactive
phenolic compounds, namely flavonoids, phenolic acids, and tannins, the latter both hydrolysable and
condensed [3–7]. The phenolic content of fresh almond skins comprises between 11.1 and 17.7 mg/g,
depending on the extraction protocol [7], whereas 0.25–0.85 mg/g d.m. (dry matter) were quantified in
dried almond skins, with the lowest amount in sun-dried skins and the highest in skins oven-dried at
a temperature of 45–60 ◦C [7].
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The polyphenols of almond skins are bioavailable and possess in vitro and in vivo antioxidant
activity, able to reduce plasmatic oxidative stress [8] and to protect LDL (low-density lipoprotein) from
oxidation [4,9]. The bioactive compounds of almond skins display also antibacterial and antiviral
effects [10,11]. Recently, an extract of almond skins has been proposed for use in intestinal inflammatory
diseases [12]. Furthermore, almond skins are also a rich source of fiber and therefore have a prebiotic
effect, favorably influencing the gut microbiome [13,14]. The recommended daily intake of fiber
ranges from 18 g to 38 g for adults and it varies among different countries, but many people do not
reach this threshold [15]. Almond skins could hence be used to functionalize foods and to improve
their nutritional profile in terms of fiber content. The reuse of almond skins in food products would
represent an example of upcycling [16], responding to the need to increase sustainability in the food
industries within the framework of the principles of a circular economy [17].

Functional ingredients, such as almond skins, could be easily added to cereal-based products,
but any modification of the physico-chemical and sensory characteristics of the end-products should be
carefully evaluated so as to fulfill consumer expectations for healthy but pleasant foods. The potential
use of almond skins in composite dough with wheat flour was evaluated in a previous study,
highlighting significant alterations of alveograph and farinograph indices due to the presence of
fibers, which interfere with the gluten network [7]. Therefore, almond skins could be used in those
cereal-based products which better tolerate a weak gluten network, such as biscuits.

Biscuits are popular baked goods, eaten daily and characterized by a long shelf-life. These features
make biscuits a good recipient for the addition of functional ingredients. To date, however, almond
skins are still an underexploited resource and no study has considered their introduction in biscuit
formulation, despite many researchers having reformulated biscuits by incorporating an array of new
ingredients, mostly of vegetable origin, such as apple peel powder [18], acorn flour [19], grape marc
extract [20,21], purple wheat flour [22], inulin [23], soy protein isolate [24], blue berry by-product [25],
and green tea extract [26].

Within this framework, the aim of this research has been to verify the effectiveness of almond skin
addition in the preparation of functional biscuits with improved nutritional properties.

2. Materials and Methods

2.1. Raw Materials

The ingredients used for preparing the experimental biscuits were: refined wheat flour (0.52 g/100 g
ashes) (Molini Spigadoro, Bastia Umbra, Italy), sucrose (Eridania, Bologna, Italy), extra virgin olive
oil (Olearia De Santis, Bitonto, Italy), baking powder (sodium bicarbonate and potassium bitartrate,
‘Belbake’, Lidl Stiftung & Co. KG, Neckarsulm, Germany), all purchased at local retailers, and almond
skins. The latter were collected from an almond processing industry (Calafiore S.r.l., Floridia, Italy),
then dried at 60 ◦C for 30 min by a rotary air drier (mod. Scirocco, Società Italiana Essiccatoi, Milano,
Italy), milled (Cutting Mill SM 100, Retsch, Haan, Germany) and sieved on a sieve with 0.6 mm holes.
Moisture, aw, phenolic compounds, antioxidant activity, color, and odor notes of almond skins are
reported in a previous paper [7].

2.2. Preparation of Biscuits

The formulation of biscuits is reported in Table 1. Two levels of addition of almond skins were
considered: 10 g/100 g (AS10) and 20 g/100 g (AS20) on a wheat flour basis, which were compared
with control biscuits prepared without adding almond skins. The amount of water was defined
in preliminary trials in order to achieve the same dough workability in the three types of biscuits.
The process consisted in: kneading for 3 min sucrose, extra virgin olive oil and baking powder by
an electric mixer with flat beater (Kitchen Aid, Antwerp, Belgium), then adding flour (pure wheat
flour or blended with almond skin powder as in Table 1) and kneading for 3 min, finally adding
water and kneading for about 10 min to form a homogeneous dough. The dough was then rolled out
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with a rolling pin to a thickness of 4 mm and cut into 6 cm diameter disks with the aid of a circular
biscuit cutter with scalloped edges. The disks of dough were placed on a baking tray, mixing them in
a randomized block pattern to minimize any effect of tray location during baking, then were baked
in an electric oven (mod. Ignis ACF961IX, Whirlpool Italia S.r.l., Pero, Italy) at 175 ◦C for 15 min.
Two independent production trials were carried out. Biscuits were finely crushed for analysis, except
for the textural, colorimetric and sensory analyses.

Table 1. Formulation of the experimental biscuits (per 100 g of flour). Control = Biscuits without
Almond Skins; AS10 and AS20 = Biscuits prepared by adding 10 g and 20 g Almond Skin Powder
per 100 g of Wheat Flour, respectively.

Control AS10 AS20

Wheat flour (g) 100 90 80
Almond skin powder (g) - 10 20

Sucrose (g) 28 28 28
Extra virgin olive oil (g) 18 18 18

Water (g) 26 28 30
Baking powder (g) 1 1 1

2.3. Determination of Nutritional Composition

Protein (N × 5.7) and moisture content were determined according to the American Association
of Cereal Chemists (AACC) Methods 46–11.02 and 08–01, respectively [27]. The lipid fraction was
extracted according to ICC Standard Method no. 136 [28]. Total dietary fiber was determined by the
enzymatic-gravimetric procedure according to the AOAC Official Method 991.43 [29]. Carbohydrates
were calculated by difference: 100 – (moisture + proteins + lipids + fiber + ash). Energy value (kJ),
calculated by using the Atwater general conversion factors, also considered the contribution of 8 kJ/g
from total dietary fiber, according to Annex XIV of Regulation (EC) No 1169/2011 [30]. All analyses
were carried out in triplicate.

2.4. Determination of Physical Properties

The a* (red/green balance), b* (yellow/blue balance), and L* (lightness) coordinates of the CIELAB
color space were determined by a colorimeter (CM-600d Chromameter, Konica Minolta, Tokyo, Japan)
under illuminant D65. Five replicated analyses were carried out. Total color difference (ΔE) was
calculated as follows [31]:

ΔE = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2

The following scale was considered: ΔE = 0–0.5, very low difference; 0.5–1.5; slight difference;
1.5–3.0, noticeable difference; 3.0–6.0, appreciable difference; 6.0–12.0, large difference; and >12.0,
very obvious difference [32].

Water activity (aw) was analyzed in triplicate by a water activity meter (mod. Aqualab 4TE,
Meter group, Pullman, WA, USA).

Textural properties, in terms of breaking strength (N mm−2), were determined by a three-point
bending test (“snap test”) using a ZI.0 TN texture analyzer (ZwickRoell GmbH & Co. KG, Ulm,
Germany), equipped with 1 kN load-cell. The biscuits were placed on the analyzer supports with their
top surface down. The distance between the support bars was 4 cm. The downward movement of
the probe, set at a speed of 5 mm min−1, was continued until the biscuit was broken. Eight replicated
analyses were carried out.

2.5. Baking Induced Variations of Dimensional Parameters and Weight

The weight (W) of biscuits before and after baking was assessed by a balance (Gibertini,
Novate Milanese, Italy). The diameter (D) and thickness (T) of biscuits before and after baking
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were determined by a caliper. The spread factor was calculated as the ratio between D and T of baked
biscuits, according to the AACC Method 10-50.05 [27]. The percentage variations in W, D, and T were
calculated as follows:

% variation of W (or D, T) = (W (or D, T) after baking—W (or D, T) before baking)/W (or D, T)
before baking × 100. Six replicated analyses were carried out.

2.6. HPLC analysis of Phenolic Compounds

The phenolic compounds were extracted from 1 g biscuits according to the procedure reported in
Laddomada et al. [33], which involved defatting, alkaline hydrolysis, acidification and double ethyl
acetate extraction. The extracts were lyophilized and dissolved in 400 μL of a solution of methanol
diluted with 200 mL/L distilled water, then 50 μL were filtered on 0.45 μm polytetrafluoroethylene
(PTFE) filters (Teknokroma, Barcelona, Spain) and analyzed by HPLC-DAD (Agilent 1100 Series,
Agilent Technologies, Santa Clara, CA, USA) with a reversed phase C18(2) Luna column (Phenomenex,
Torrance, CA, USA) (5 μm, 250 × 4.6 mm), as in Pasqualone et al. [7]. Identification of peaks was
made by comparison of their UV-Vis spectra, and their retention times to those of authentic phenolic
standards. Phenolic acids were quantified via a ratio of 3,5-dichloro-4-hydroxybenzoic acid, used as
internal standard, and calibration curves of phenolic acid standards. Other phenolics (flavan-3-ols,
flavonol and flavonone glycosides and aglycones) were quantified using calibration curves according
to the external standard method [6]. The linear range, correlation coefficient, limit of detection (LOD)
and limit of quantification (LOQ) for the phenolic compounds quantified are reported in Table S1.

2.7. Determination of Antioxidant Activity

An amount of 1 g sample, mixed with 10 mL of methanol and shaken at 250 rpm for 2 h in the
dark, was centrifuged for 5 min at 5000 × g. The supernatant was submitted to the assessment of
the antioxidant activity by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity
assay, as in Pasqualone et al. [22]. A calibration curve was prepared with 0.1–100 μM solutions
of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) (Sigma–Aldrich Chemical Co.,
St. Louis, MO, USA) (y = −0.008x + 0.6087; R2 = 0.9971).

2.8. Determination of Sensory Properties

Quantitative Descriptive Analysis (QDA) of biscuits was performed by a trained sensory panel
of eight people, following the ethical guidelines of the laboratory of Food Science and Technology of
the Department of Soil, Plant and Food Science (DISSPA), Dept. of Bari University (Italy). Panelists,
regular consumers of biscuits and almonds and free of food intolerances or allergies, were informed
about the study aims, and signed an individual written informed consent. Pre-test sessions were
carried out, as in Pasqualone et al. [34]. Eight sensory descriptors, defined in Table 2, were rated on a
0–9 score range (0 =minimum; 9 =maximum intensity). The analyses were carried out in triplicate.

2.9. Statistical Analysis

One-way analysis of variance (ANOVA) followed by Tukey’s HSD test, was made using the
XLSTAT software (Addinsoft SARL, New York, NY, USA).

238



Foods 2020, 9, 1705

Table 2. Descriptive terms used for the sensory profiling of biscuits.

Descriptor Definition
Scale Anchors

Min (0) Max (9)

Odor

Caramel odor Typical odor associated with
caramel Absent Very intense

Leafy odor Smell reminiscent of green
leaves Absent Very intense

Visual-tactile characteristics

Color Color of biscuit surface Beige Dark brown

Friability The way the biscuit fractures,
when broken by fingers

Very tough, it breaks with
difficulty

Very friable and crumbly, it
breaks easily

Taste

Sweetness Basic taste produced by
sucrose Absent Very intense

Bitterness Basic taste produced by
caffeine Absent Very intense

Texture attributes perceived during chewing

Dryness Dryness perceived at the
surface of biscuit Moist Very dry

Graininess Graininess perceived at the
end of chewing

Not grainy, giving finely
sized crumbs

Very grainy, giving
differently sized crumbs,

medium and large

3. Results and Discussion

3.1. Nutritional and Technological Characteristics

Almond skin powder is particularly rich in fiber (52.6 g/100 g), as shown by the analysis of its
nutritional characteristics (Table 3).

Table 3. Nutritional composition of dried almond skin powder and wheat flour used in the preparation
of experimental biscuits. Values per 100 g, expressed on fresh weight basis.

Almond Skin Powder Refined Wheat Flour

Moisture (g) 10.1 ± 0.2 14.2 ± 0.4
Carbohydrates (g) 5.4 ± 0.5 73.3 ± 0.9

Fats (g) 21.3 ± 0.6 0.9 ± 0.1
Proteins (g) 10.6 ± 0.2 9.8 ± 0.2

Fiber (g) 52.6 ± 0.5 1.8 ± 0.2

This by-product of almond processing also showed a relevant presence of lipids (21.3 g/100 g).
The lipid fraction of almond skins, however, is particularly healthy, being composed mainly of mono
and polyunsaturated fatty acids (mostly oleic and linoleic acids) [6] associated with high amounts
of vitamin E [6]. The composition of the lipid fraction of skins parallels the lipid composition of the
whole seed [35]. The protein content of almond skins accounted for about 11 g/100 g, and low amounts
of carbohydrates were observed. The overall composition of almond skin powder agreed with the
current literature [6,36]. The composition of wheat flour was quite different than that of almond skins,
being rich in carbohydrates and poor in fiber, with negligible levels of lipids.

The analysis of the nutritional features of biscuits (Table 4) shows that the protein content was not
significantly influenced by the addition of almond skins, the latter having a protein content similar to
wheat flour. However, AS20 biscuits had a significantly (p < 0.05) higher lipid content than control,
due to the relevant contribution of almond skins. The lipid content of all biscuits was in the range of
those commonly marketed [37].
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Table 4. Nutritional features (values per 100 g, expressed on fresh weight basis) of biscuits enriched by
increasing levels of almond skins. Control = biscuits without almond skins; AS10 and AS20 = biscuits
prepared by adding 10 g and 20 g of almond skin powder per 100 g of wheat flour, respectively.

Control AS10 AS20

Moisture (g) 5.2 ± 0.3 a 5.5 ± 0.3 a 5.6 ± 0.4 a
Carbohydrates (g) 77.8 ± 1.1 a 74.3 ± 1.2 b 70.2 ± 0.7 c

Fats (g) 10.3 ± 0.9 b 11.5 ± 0.4 a,b 12.4 ± 0.4 a
Proteins (g) 5.6 ± 0.1 a 5.6 ± 0.2 a 5.6 ± 0.3 a

Fiber (g) 1.1 ± 0.2 c 3.1 ± 0.1 b 6.2 ± 0.2 a
Energy value (kJ) 1794 ± 9 a 1797 ± 8 a 1789 ± 10 a

Different letters in row indicate significant differences (p < 0.05).

As for the content of dietary fiber, it progressively increased with the increase of almond skin
addition. EC Regulation n. 1924/2006 [38], relating to nutrition and health claims made on food
products, defines that a food is a “source of fiber” only if contains at least 3 g/100 g fiber, or at least
1.5 g/100 kcal fiber, while “high in fiber” applies only if a food contains at least 6 g/ 100 g fiber, or at
least 3 g/100 kcal fiber. The level of fiber ascertained in AS10 and AS20 biscuits met the requirements
for applying the “source of fiber” and the “high in fiber” claims, respectively.

Moisture content increased, but not significantly, after the addition of almond skins due to their
contribution of fiber. The higher the protein and fiber content, the higher the water absorption by the
dough and moisture retention are found of the final product [39].

As a consequence of the increase in fats and fiber, the level of carbohydrates significantly decreased
in almond skin-added biscuits compared to control. The energy value did not vary significantly by
adding almond skins, because the increase of lipids was compensated for by an increase of fiber and a
decrease in carbohydrates.

As for the main physical characteristics (Table 5), the aw of AS10 and AS20 was slightly higher
than control, but without a significant difference. The aw values observed in all biscuits agreed with
moisture content and showed that they were conveniently dry and stable from the microbiological
point of view (aw < 0.6).

Table 5. Physical characteristics of biscuits enriched by increasing levels of almond skins.
Control = biscuits without almond skins; AS10 and AS20 = biscuits prepared by adding 10 g and 20 g
of almond skin powder per 100 g of wheat flour, respectively.

Control AS10 AS20

aw 0.24 ± 0.02 a 0.27 ± 0.01 a 0.28 ± 0.02 a

Colorimetric data

a* 9.85 ± 1.09 b 12.35 ± 0.43 a 12.61 ± 0.36 a
b* 35.12 ± 1.25 a 24.94 ± 0.66 b 22.66 ± 0.64 c
L* 68.7 ± 2.41 c 49.35 ± 0.85 b 46.15 ± 1.01 a

ΔEvs Control - 21.08 ± 0.51 25.76 ± 0.69

Texture

Fracture strength
(N/mm2) 8.82 ± 0.66a 7.63 ± 0.49ab 6.87 ± 0.31b

Different letters in row indicate significant differences (p < 0.05).

The addition of almond skins, which were brown colored, resulted in an expected substantial
alteration of biscuit color (Figure 1), with a significant decrease of L* and b*, and an increase of a* in
AS10 and AS20 compared to the control (Table 5). The total color difference (ΔE) of AS10 and AS20
biscuits compared to the control was greater for AS20 than for AS10, but in both cases with very high
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values, confirming that the control had a distinct color [40]. ΔE values >12.0, in fact, indicate a very
obvious color difference [32].

 

Figure 1. Biscuits enriched by increasing levels of almond skins. From left to right: Control = biscuits
prepared without adding almond skins; biscuits prepared by adding 10 g of almond skin powder per
100 g of wheat flour (AS10); biscuits prepared by adding 20 g of almond skin powder per 100 g of
wheat flour (AS20).

The textural analysis showed that the addition of almond skins caused a decrease in the strength
necessary to break the biscuits, i.e., an increase of friability, which is a particularly important
characteristic. Friability is a salient textural characteristic for biscuits [41,42]. Tough, non-crumbly
biscuits have low acceptance values in consumer tests [43]. This variation of breaking strength was
significant when comparing control with AS20 and was due to the high presence of fiber in the almond
skins. Fibers are highly hygroscopic and interfere with the formation of a strong and complete gluten
network [44]. Preliminary work, in fact, showed that the rheological properties of the dough [7]
significantly worsened after the addition of almond skin powder. However, among baked goods,
biscuits are the most suitable for being reformulated with the addition of fibrous raw materials, since for
their production a weak gluten network is not only sufficient but even necessary. In addition, although
the difference in lipid content with control was significant only for AS20, the lipid fraction deriving
from almond skins could have positively influenced the friability [45]. Therefore, the addition of
almond skins did not harden biscuits at all; on the contrary, it gave a crumblier texture.

As for the dimensional variations induced by baking (Table 6), due to the thermal expansion of
gases (carbon dioxide developed by the baking powder, dough moisture, and air entrapped during
kneading), all biscuits increased more in thickness than in diameter. This result, commonly observed
in biscuit baking [19], is due to the retaining effect of gluten, which tends to limit enlargement, whereas
the upward thrust of the oven heat (oven rise) is less opposed [45]. AS10 and AS20 showed a greater
diameter increase than control, which was significantly different for AS20, but had a lower increase in
thickness. The easier enlargement observed in almond-skin added biscuits was due to the coupled
effect of the dilution of gluten by a non-gluten raw material and the interference with gluten formation
by the fiber and lipids of the same material. These findings agreed with studies where other fibrous and
gluten-free ingredients were added to biscuit dough [18,19]. In addition, better expanded biscuits are
usually less compact and more friable than those which expand less, in agreement with the observed
textural data.

Table 6. Baking induced variations of dimensional parameters of biscuits enriched by increasing levels
of almond skins. Control = biscuits without almond skins; AS10 and AS20 = biscuits prepared by
adding 10 g and 20 g of almond skin powder per 100 g of wheat flour, respectively.

Control AS10 AS20

Diameter variation (%) 3.45 ± 0.91 b 4.51 ± 0.72 a,b 6.21 ± 0.89 a
Thickness variation (%) 40.23 ± 3.41 a 38.12 ± 2.98 a 33.65 ± 1.04 b

Spread factor 10.83 ± 0.81 b 11.26 ± 0.38 a,b 12.45 ± 0.22 a
Weight loss (%) 15.04 ± 0.37 a 14.78 ± 0.43 a,b 14.09 ± 0.31 b

Different letters in row indicate significant differences (p < 0.05).
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The spread factor increased progressively as the amount of almond skins increased, with a
significant difference between control and AS20. A higher spread factor indicates a better quality and
is linked to an increase in consumer acceptability [46]. The observed values were higher than those
reported for biscuits enriched with pure fiber of various cereals [47].

Weight loss, primarily due to the moisture loss from dough during baking, decreased by increasing
the amount of almond skins as a consequence of the greater hygroscopicity of fibers, which limited
water migration. The values ascertained were in the range of other researches [48–50].

The sensory profiles of the biscuits showed significant differences in odor, color and textural
descriptors (Table 7). As for taste, the bitter note was negligible in the biscuits investigated,
while sweetness was moderately intense, both without significant difference among formulations.

Table 7. Sensory properties of biscuits enriched by increasing levels of almond skins. Control = biscuits
without almond skins; AS10 and AS20 = biscuits prepared by adding 10 g and 20 g of almond skin
powder per 100 g of wheat flour, respectively.

Control AS10 AS20

Caramel odor 2.3 ± 0.2 a 1.9 ± 0.1 a 2.1 ± 0.2 a
Leafy odor 0.0 ± 0.0 c 0.9 ± 0.2 b 1.6 ± 0.2 a

Color 4.3 ± 0.5 c 7.8 ± 0.4 b 8.9 ± 0.4 a
Friability 3.5 ± 0.2 b 3.7 ± 0.2 a,b 4.2 ± 0.3 a

Sweetness 4.4 ± 0.3 a 4.7 ± 0.2 a 4.6 ± 0.2 a
Bitterness 0.2 ± 0.1 a 0.1 ± 0.1 a 0.2 ± 0.1 a
Dryness 4.7 ± 0.3 a 4.8 ± 0.3 a 5.0 ± 0.4 a

Graininess 1.7 ± 0.1 b 2.5 ± 0.2 a 2.9 ± 0.3 a

Different letters in row indicate significant differences (p < 0.05).

A slight odor note of caramel, derived from sugar caramelization and Maillard reaction,
was perceived by the panelists in all biscuit types, without statistically significant differences between
them. Instead, differences between the samples were found in the intensity of leafy odor. This odor
note, absent in the control, was perceived with low intensity in biscuits formulated with almond skins,
with the highest perception in AS20 and with an intermediate value in AS10. In previous research [7]
this characteristic smell note was observed in the dried almond skins used in biscuit-making, albeit
much more pronounced than in the finished product.

The color of biscuits became progressively and significantly darker as the level of addition of
almond skin powder increased, as already indicated by colorimeter determinations.

As for friability, evaluated as the way biscuit fractured when broken by finger, the sensorial
results were similar to those obtained instrumentally by the texture analyzer (snap test). AS20 was
significantly more friable than control.

Dryness and graininess, on the other hand, were evaluated during chewing. Dryness did not
show significant differences, whereas graininess was scored higher in almond-skin added biscuits,
due to their granular and fibrous crumbles.

3.2. Functional Characteristics

Almond skins are rich in phenolic compounds [7], therefore the content of these bio-actives was
evaluated in biscuits, as well as antioxidant activity (Table 8). The total sum of phenolic compounds,
determined by HPLC, was significantly higher in AS10 and AS20 than in control.
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Table 8. Phenolic compounds and antioxidant activity of biscuits enriched by increasing levels of
almond skins. Control = biscuits without almond skins; AS10 and AS20 = biscuits prepared by adding
10 g and 20 g almond skin powder per 100 g of wheat flour, respectively.

Control AS10 AS20

AA (DPPH) (μmol TE/g) 1.89 ± 0.16 c 6.11 ± 0.61 b 9.76 ± 0.74 a

Single phenolic compounds (μg/g)

Vanillic acid 1.43 ± 0.02 c 2.77 ± 0.18 b 4.53 ± 0.10 a
Syringic acid 2.69 ± 0.02 c 6.04 ± 0.45 b 9.71 ± 0.30 a

p-Coumaric acid 0.36 ± 0.01 c 0.79 ± 0.12 b 1.14 ± 0.08 a
Ferulic acid 63.72 ± 0.52 a 55.21 ± 1.47 b 55.96 ± 1.50 b
Sinapic acid 5.33 ± 0.04 a 4.30 ± 0.15 b 4.25 ± 0.20 b

p-Hydroxybenzoic acid 0.44 ± 0.02 c 5.49 ± 0.19 b 12.96 ± 0.44 a
Protocatechuic acid 0.00 ± 0.00 c 3.55 ± 0.06 b 12.67 ± 0.31 a

(+)-Catechin 0.00 ± 0.00 c 11.17 ± 0.06 b 19.52 ± 1.06 a
(-)-Epicatechin 0.00 ± 0.00 c 8.54 ± 0.02 b 11.45 ± 0.21 a

Total sum 73.97 ± 0.54 c 97.84 ± 2.55 b 132.18 ± 1.63 a

AA = antioxidant activity; TE = Trolox equivalents; DPPH = 2,2-diphenyl-1-picrylhydrazyl radical. Different letters
in row indicate significant differences (p < 0.05).

In more detail, the variation of the single phenolics did not show the same trend for all the
compounds, which showed different behavior according to the phenolic composition of the raw
materials. In particular, among the phenolic acids, the p-hydroxy benzoic and protocatechuic acids
showed a relevant increase after the addition of almond skins. The flavan-3-ols catechin and epicatechin
also followed the same trend, being not detectable in control and showing a concentration-effect
increment between the AS10 and AS20. In fact, these phenolic compounds are the most abundant in
almond skins [7]. A smaller increase, but always statistically significant, was observed for syringic
acid, vanillic and p-coumaric acids.

Instead, the most abundant phenolic acid, namely the ferulic acid, followed by the sinapic acid,
decreased when comparing control biscuits with the almond-skin added, because these phenolic acids
are typically present in wheat [33,51], but not in almond.

The flavonol glycosides and their aglycones, as well as the flavanone glycosides and their
aglycones, despite their presence in almond skins [7], were not detected in biscuits. Probably, since their
starting quantity was not remarkably high, they became undetectable in the biscuits, due to the dilution
effect of wheat flour. In addition, oxidation and other degradation phenomena could not be excluded
during processing (kneading and baking) since a decrease in phenolic compounds had already been
observed when raw almond skins were thermally dried [7]. In any case, the total phenolic compounds
of AS20 were approximately double that of the control, indicating that the addition of almond skins in
the formulation can concretely contribute to enhance the nutritional value and the potential health
benefits of the end products.

The antioxidant activity followed the same trend as the phenolic and showed higher values in the
almond skin supplemented biscuits, compared to the control, also highlighting a concentration effect.
Indeed, in the AS20, the antioxidant activity was about five times higher than the control. The observed
values of antioxidant activity were consistent with those of the almond skins added [7].

4. Conclusions

The increasing sensibility of modern consumers towards the potential benefits of food on human
health has led to a strong demand for functional products.

To date, almond skins, in spite of having high fiber content and antioxidant substances, are a
by-product of almond processing usually addressed to animal feed and/or composting. This study,
instead, demonstrates that almond skins can be effectively used for the production of functional
biscuits, addressing the needs of both producers, who require the reduction of waste production,
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and consumers, who increasingly demand healthier food. For this latter purpose, the nutritional claims
“source of fiber” and “high in fiber”, defined in EC Regulation n. 1924/2006, were applicable to the
AS10 and AS20 biscuits, respectively.

Therefore, using almond skins in biscuit-making is a feasible way to convert a low-value
by-product into a valuable resource, providing to the almond processing industry an efficient and
environment-friendly solution for waste disposal. This is a practical example of upcycling while
preparing a health-oriented food product.
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Abstract: The evaluation of by-products to be added to food products is complex, as the residues must
be analyzed to demonstrate their potential use as safe foods, as well as to propose the appropriate
process and product for recycling. Since coffee is a very popular beverage worldwide, the coffee
industry is responsible for generating large amounts of by-products, which include the coffee
silverskin (CS), the only by-product of the roasting process. In this work, its characterization and
food safety were evaluated by chemical composition assays, microbiological determinations, aflatoxin
measurements and acute toxicity tests. The results showed that CS is safe for use in food, in addition
to providing dietary fiber, protein and bioactive compounds. An extruded cereal-based ready-to-eat
food product was developed through an extreme vertices mixture design, producing an extruded food
product being a source of protein and with a high fiber content. Up to 15% of CS was incorporated
in the extruded product. This work contributes to the establishment of routes for the valorization
of CS; nevertheless, further research is necessary to demonstrate the sustainability of this food
industry by-product.

Keywords: coffee silverskin; chemical characterization; toxicological analysis; extrusion; extreme
vertices mixture design; product development

1. Introduction

Today, there is a considerable emphasis on the recovery, recycling and upgrading of wastes,
particularly in the food processing industry, in which wastes, effluents, residues and by-products can
be recovered. They can often be upgraded into useful products and value-added food supplements
that can provide dietary fiber and bioactive compounds [1,2]. The possibility of the utilization of these
food processing by-products for manufacturing various human foods has created enormous scope for
waste reduction, indirect income generation, the reduction of raw material costs [1,3] and even the
potential for them to be considered as novel foods with beneficial properties [4]. However, for the
development of future sustainable industrial processes centered on the valorization of food waste,
aspects such as technical feasibility, an analysis of their-economic potential and a life-cycle-based
environmental assessment need to be considered [5].

Coffee is one of the most consumed beverages in the world and is the second largest traded
commodity after petroleum [6]. The coffee production chain begins with the harvest of the ripe
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coffee berries that are to be treated in order to separate the pulp from the coffee bean by one of two
processes—(a) a wet process or (b) a dry process—where the green coffee bean is obtained. Finally,
the bean is heat treated by a process called roasting, thus producing the coffee that will be used for the
preparation of the drink [4,7]. In the world, during the 2018/2019 season, 10.3 million tons of green
coffee was produced [8]. Since coffee is a very popular and appreciated beverage around the world,
the coffee industry is responsible for generating large amounts of wastes, which include the coffee
silverskin (CS), the only waste obtained during the roasting process [7,9]. The CS represents about 4.2%
(w/w) of the coffee beans [9]. Despite the produced quantity being low compared to that of other coffee
by-products, it has been reported that for 120 tons of roasted coffee, about 1 ton of CS is produced [10].
It can be considered that if all the green coffee produced worldwide during the 2018/19 season had been
roasted, it would be equivalent to having produced around 71,822 tons of CS (conversion factor: 1.19
tons of green coffee = 1 ton of roasted coffee [8]). CS is a yellowish transparent endosperm that covers
each green coffee bean (Figure 1) [4,7,9] and is currently used as a fuel and fertilizer [11]. However,
coffee wastes have been reported to possess bioactive compounds, mainly secondary metabolites such
as phenolic acids, for example, hydroxycinnamic acids and flavonoids, desired for their beneficial
antioxidant properties [12,13]. 5-caffeoylquinic acid (5CQA) belongs to the family of the chlorogenic
acids (hydroxycinnamic acids). It is one of the most abundant polyphenolic compounds in the human
diet and is produced by certain plant species; it is an important component in coffee and in the
CS [14,15]. 5CQA is of special interest due to the wide spectrum of its potentially beneficial effects
on health, including antidiabetic, anti-obesity, antioxidant, anti-hypertension, anti-inflammatory and
antibacterial effects [16,17].

 
Figure 1. Coffee silverskin from coffee roasting process.

CS has been reported as a source of chlorogenic acids; however, to date, there are few reports
concerning the content of 5CQA in CS, and those that exist show controversial results, since the reported
concentrations are in the range of 1000 to 11,678 mg of 5CQA/kg of CS [11,18–20]. Different studies
have shown the functional properties of CS such as a high dietary fiber content (54.11 to 74.15 g/100 g of
CS) [9,21,22] and a total phenolic content in the range of 4.6 to 46.65 mg/g, depending on the extraction
method employed [11,21,23,24]. The principal constituents of its fibrous tissues are cellulose (24%)
and hemicellulose (17%). It is a source of minerals such as potassium (21,100 mg/kg dry basis (db)),
iron (843 mg/kg db), sodium (57 mg/kg db), manganese (50 mg/kg db) and zinc (22 mg/kg db), among
others [9]. The enzyme inhibitory properties of CS extracts and peptide composition of CS protein
hydrolysates have been investigated, from the perspective of their application in the pharmaceutical
and nutraceutical industry [24,25].

The holistic concept of food production tries to connect differing goals, such as the highest product
quality and safety, highest production efficiency and the integration of environmental aspects into
product development and food production. Vegetable residues mostly contain considerable amounts
of potentially interesting compounds [1]. However, the benefits of recycling should not be undermined
by the environmental impacts caused by new production processes [26]. Food extrusion is a versatile
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process in food engineering as it combines various unit operations such as transport, thermomechanical
and degradation changes, mixing and molding. It is a technology widely used in the food industry
due to its versatility, high productivity and energy efficiency [27,28]. Extrusion cooking is increasingly
used in the food industries for the development of new cereal-based snacks, baby foods and breakfast
cereals [29]. The incorporation of by-products from different fruit and vegetable processing industries
into extruded products has led to hope for their utilization as well as the development of nutritionally
healthy extruded products [30]. The extrusion process has been used to develop new products in which
2% to 20% of various by-products of the agri-food industry have been incorporated, such as barley-fruit
and cauliflower by-products and red lentil-carrot pomace, among others [30–33]. The by-product
incorporation in extruded food has been reported at the lab scale, and no industrial-level studies have
been shown. Nevertheless, extrusion is a mature and scalable technology; even scale-up considerations
and mathematical models for extrusion cooking are available [34,35].

Cereal-based food products have been the basis of the human diet since ancient times.
Cereals contain all the macronutrients (protein, fats and carbohydrates) we need for support and
maintenance [36]. They contain only low levels of micronutrients, most of which are lost during
processing for food [37], bringing the possibility to incorporate new raw materials that provide these
micronutrients. To the best of our knowledge, there are few reports on the use of CS in a cereal-based
product. A treatment of CS with alkaline hydrogen peroxide before being added to Barbari bread
to improve its properties has been described [38]. In another study, CS was added to cake as a fat
replacer [39]. Some authors investigated the use of CS in biscuits, where it was incorporated as a
sugar replacer or to enhance the phenolic content and antioxidant capacity of the product, employing a
standardized formulation [40,41]. However, no studies regarding the formulation design under official
standards to create a product with specific requirements have been reported. Hence, the development
of a cereal-based food product adding CS using extrusion technology is proposed.

In all those articles in which CS was added in cereal-based products, wheat flour was used
as the cereal basis [38–41]; nonetheless, in present work, corn and popped amaranth were chosen
as the cereal product base. Corn is undoubtedly part of the identity of Mexico; it is present in
the daily life of its inhabitants [42], which will allow the obtaining of a familiar flavor and better
acceptance of the developed product. Amaranth is a popular snack in Mexico of pre-Hispanic
origin [42] and is characterized by an excellent nutritional composition (A. hypochondriacus, protein,
15.9%; lysine, 4.9 g/100 g of protein; fat, 6.1%; tocopherols, 5.5 mg/100 g; starch, 62.4%; sucrose, 1.4%;
ash, 3.3% [43]); nevertheless, it is difficult to produce expanded products directly by the extrusion
cooking of amaranth grain alone because of its high fat content. Therefore, the extrusion cooking
of amaranth flour in combination with other cereals produces well-accepted forms of expanded
extrudates [43]. The combination of these cereals with the CS could allow the obtaining of a product
with good nutritional quality.

Therefore, as CS appears to be a potential new low-cost ingredient, the aim of this work was to
evaluate whether its consumption was harmless to humans, demonstrating the food safety of CS by
microbiological tests and the determination of aflatoxins and the Lethal Dose (LD50) by the acute
oral toxicity test. Its potential use as a food ingredient was evaluated by determining its nutritional
contribution and by developing a cereal-based extruded food product with this new ingredient added.

2. Materials and Methods

2.1. Materials

CS produced by roasting coffee beans (C. Arabica 100%) was obtained from two states of Mexico
(Chiapas and Jalisco). Popped amaranth was purchased from Nutriactivate Company (Puebla, Puebla,
Mexico), and white corn was obtained from the food market of Guadalajara city (Jalisco, Mexico). CS,
popped amaranth and white corn were milled prior to the extraction and extrusion process (Average
Particle Size = 0.28 ± 0.01 mm).
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5-caffeoylquinic acid powder reference standard (USP 12601), 2,2-diphenyl-1-picrylhydrazil
(DPPH), 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) and 6-hydroxy-2,5,7,8-
tetramethyl chroman-2-carboxylic acid (Trolox) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Methanol (MeOH) was obtained at HPLC grade (Sigma-Aldrich, St. Louis, MO, USA).
Phosphoric acid was obtained at reagent grade (Karal, Leon, Guanajuato, Mexico).

The standard of 5CQA was diluted in MeOH to obtain a stock solution at 1000 μg/mL, from which
the calibration curve was prepared. All the solutions remained refrigerated at 4 ◦C in amber vials.

2.2. CS Characterization and Microbiological Quality

2.2.1. Bromatological and Microbiological Analysis

The bromatological analyses were performed according to the following Mexican
Regulations: moisture, NMX-F-083-1986 [44]; protein, NMX-F-608-NORMEX-2011 [45]; ashes,
NMX-F-607-NORMEX-2013 [46]; fats (ethereal extract), NOM-086-SSA1-1994 (Regulatory Appendix C,
Number 1) [47]; and, carbohydrates, method 986.25 A.O.A.C. Volume 1 [48].

The microbiological analysis was performed according the Official Mexican Regulations:
aerobic mesophilic bacteria, NOM-092-SSA1-1994 [49]; total coliforms, NOM-113-SSA1-1994 [50];
molds and yeasts, NOM-111-SSA1-1994 [51]; Salmonella, NOM-114-SSA1-1994 [52]; Escherichia coli,
CCAYAC-M-004 [53]; and Staphylococcus aureus, NOM-115-SSA1-1994 [54].

2.2.2. Total Dietary Fiber (TDF)

The TDF was estimated by the enzymatic gravimetric method according to the Mexican Regulation
NMX-F-622-NORMEX-2008 [55]. Briefly, one gram of sample suspended in phosphate buffer solution
was sequentially digested by heat stable α-amylase for 30 min in a boiling water bath, after which a
0.275 M NaOH solution and protease were added and incubated for 30 min at 60 ◦C. Then, a 0.325 M
HCl solution and amyloglucosidase were added and incubated for 30 min at 60 ◦C. After filtration,
the insoluble dietary fiber was recovered from enzyme digestate, dried at room temperature and then
weighed. Soluble dietary fiber in the filtrate was precipitated with ethanol and filtered. The precipitate
was dried and weighed. Insoluble and soluble dietary fiber contents were corrected for residual protein
and ash content. The TDF content was the sum of both fibers.

2.2.3. Extraction Method

This extraction method was used for DPPH, ABTS, total polyphenol and HPLC analysis.
The extraction method was adapted from Del Río et al. (2014) [56]; 0.5 g of sample (CS or extruded
product) was weighed, and 5 mL of MeOH/water 3:1 (v/v) was added. The mixture was sonicated
(Branson 5800, Dansbury, CT, USA) at a 40 kHz frequency for 15 min, removed and stirred in
a Vortex-Genie (Scientific Industries, Bohemia, NY, USA) for another 15 min; afterwards, it was
centrifuged at 3400 rpm for 10 min. The supernatant was transferred to another container, and the
residue was re-extracted. The second extract was added to the first, and it was filtered (0.45 μm).
All the extracts were kept in amber vials, under refrigeration, until analysis.

2.2.4. Total Polyphenol Determination

The quantification of total polyphenols was carried out by the Folin–Ciocalteu method proposed by
Singleton and Rossi (1965) [57]. The extracts (30 μL) were mixed with 150 μL of Folin–Ciocalteu reagent
(1:10), followed by the addition of 120 μL of 20% (w/v) sodium carbonate. After 1 h, the absorbance
at 760 nm was read in the spectrophotometer. The results are expressed as g gallic acid equivalents
(GAE)/100 g sample.
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2.2.5. Antioxidant Activity

The antioxidant activity of the extracts was determined by two methods: the ABTS and DPPH
(free radical scavenging) assays. The ABTS assay was based on a method developed by Nenadis et
al. (2004) [58]. A solution of 7 mM ABTS, 2.5 mM potassium persulfate and 10 mL of distilled water
were mixed and incubated in the dark at room temperature for 16 h before use. This solution was
diluted with MeOH to an absorbance of 0.7 ± 0.02 at 734 nm. After the addition of 20 μL of extract
or Trolox standard to 200 μL of diluted ABTS solution, the absorbances were recorded at 6 min after
mixing. Methanolic solutions of known Trolox concentrations were used for calibration. The results
are expressed as mg Trolox equivalents (eq)/g sample.

The DPPH antioxidant activity assay was performed by the Brand-Williams et al. (1995) [59]
method with slight modifications. A MeOH solution containing 500 μmol of DPPH was prepared.
After adjusting the blank with MeOH, an aliquot of 20 μL of extract was added to 200 μL of this
solution. After 30 min in the dark, the absorbance at 515 nm was read with the spectrophotometer.
The results are expressed as mg Trolox eq/g sample.

2.2.6. HPLC Analysis

Sample analysis was performed on a liquid chromatograph Alliance 2695, equipped with a 2998
Diode Array Detector (Waters, Milford, MA, USA) and Software Empower 3. The separation was
carried out on a 5 micron (100 Å, 250 × 4.6 mm) C-18 reverse phase Kromasil column (Ale, Bohus,
Sweden) at room temperature. The mobile phase was phosphoric acid at 5 mM (solvent A) and MeOH
(solvent B), at a flow rate of 1 mL/min. The elution gradient was as follows: a linear gradient of
85–80% solvent B (0–5 min), 60% B (6–10 min), 70% B (11–20 min), 80% B (21–25 min) and, finally,
85% B (26–30 min). The injection volume was 20 μL, and the 5CQA was detected at a wavelength of
325 nm. This method was adapted from Fujioka and Shibamoto (2008) [60]. Sample chromatograms
were compared with those of the 5CQA standard for identification. The measurements were carried
out in triplicate. Instrumental calibration: Eight different levels of concentration were employed for
5CQA. The Pearson correlation coefficient (r) was calculated to estimate the type of adjustment of
the experimental points in the calibration curve, and subsequently, statistical analyses with Student’s
t-test [61] and variance analysis were performed, to verify its significance.

2.3. CS Toxicological Analysis

Aflatoxins B1, B2, G1 and G2 were quantified by the method of QuEChERS extraction and
ultra-high liquid chromatography tandem mass spectrometry (UPLC-MS/MS) detection [62].

An acute oral toxicity test was performed following the procedure described in the OECD 425
guidelines [63]. Briefly, five female mice, Balb-c strain, 9 weeks old, were used. They were administered
2000 mg/kg of body weight of the aqueous extract of CS, in a single dose, with a cannula, with a 4 h
food fast but not water fast. Under the conditions of a temperature of 24 ± 1 ◦C and photoperiod of
12 h light/12 h darkness, mortality and toxicity signs were registered daily, and weight was measured
weekly. Animal experimentation was carried out in accordance with the Official Mexican Method
NOM-062-ZOO-1999 [64]; in addition, the protocol was authorized and reviewed by the Internal
Committee for the Care and Use of Laboratory Animals of CIATEJ (code 2019-002A).

2.4. Product Development

2.4.1. Extrusion Cooking

Ingredient mixes of cornmeal (CM), amaranth flour (AF) and CS were weighed and then mixed in
a Kitchen Aid mixer (St. Joseph, Michigan, MI, USA). The mixtures were conditioned to adjust them
to 21.0 ± 1.0% of moisture content, placed into plastic bags and maintained under refrigeration for
48 h before processing. Sixteen samples in total were prepared. In each treatment, 300 g of sample
was used.
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Extrusion trials were performed using a Brabender single screw extruder (Plasti-Corder 815808,
Duisburg, Germany). The barrel diameter and D/L ratio were 475 mm and 19/25, respectively. A screw
configuration with a 3:1 compression ratio was used. The exit diameter of the circular die was 2 mm.
A vertical dosing screw feeder (628456, Duisburg, Germany) was used for feeding the conditioned
mixtures. The process conditions were set as follows: a feed rate of 40 g/min, a screw speed of 80 rpm,
and three barrel temperatures—120 ◦C at the feed entry, 130 ◦C at the middle and 140 ◦C at the
die exit. The pressure, material temperature and torque were monitored during the extrusion runs.
The extrusion conditions were obtained by preliminary tests (data not shown).

Extrudates were left to cool at room temperature for about 30 min. Moisture content was
determined [44]. The extruded products were subsequently baked at 60 ◦C for 2 h, until a moisture
content of 5.4 ± 0.3% was achieved, packaged in plastic bags and stored at room temperature
until analysis.

2.4.2. Water Solubility Index (WSI)

The method of Anderson et al. (1970) [65] was used. In brief, 2.5 g of sample was added to 30 mL
of distilled water at 30 ◦C, in centrifuge tubes, and shaken on a rotary shaker (Roto-Shake Genie,
Bohemia, New York, NY, USA) for 30 min. They were then placed in a centrifuge (Universal 320 R
Hettich, Tuttlingen, Germany) run at 4000 rpm for 10 min. The supernatant liquor from each tube
was transferred into aluminum trays to be oven dried at 80 ◦C for 24 h. As the WSI, the amount of
dried solids recovered by evaporating the supernatant from the water absorption test just described is
expressed as the percentage of dry solids. Analyses were carried out in triplicate.

2.4.3. Experimental Design

An extreme vertices mixture design [66] was used, varying the amounts of AF (50–98%), CM (0–45%)
and CS (2–15%). The proposed range of CS was determined according to previous studies in which
agri-food industry by-products were incorporated into extruded foods [30–33]. Figure 2 shows the
experimental region of the extreme vertices mixture design, where the 16 points of the experimental
runs are indicated.

Figure 2. Experimental region of the extreme vertices mixture design.

2.5. Statistical Analysis

The STATGRAPHICS Centurion XV package (Statpoint Technologies; Warrengton, VA, USA)
was used for the data analysis of the analytical method, as well as for design and analysis of the
extreme vertices mixture design. Statistically significant differences between values were determined
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at the p < 0.05 level [66]. The results are expressed as the mean values ± standard errors of the three
separate determinations.

3. Results and Discussion

3.1. CS Characterization and Microbiological Quality

3.1.1. Bromatological Composition

The results of the bromatological analyses for CS are shown in Table 1. The protein content in CS
(15.09% w/w) was minor compared to previous values reported, 18.6% w/w [22], and 18.69% w/w [9].
The low fat content in CS (1.99% w/w) was similar to a value cited before, 2.2% w/w [22], and lower than
those presented by other authors, 3.78% w/w [9]. The ash, carbohydrate and moisture values obtained
were similar to those published before [6,9,22]. The dietary fiber content was 67.6% w/w, which is
superior to that published, 54.11% w/w [9] and 62.4% w/w [22]. The differences in the contents of the
nutrients could be due to the origins of the coffee beans.

Table 1. Chemical composition of coffee silverskin.

Parameters CS %

Moisture 7.2
Protein 15.09
Ashes 5.55
Fats 1.99

Carbohydrates 70.17
Dietary Fiber 67.6

3.1.2. Microbiological Determinations

There is no regulation for the microbiological parameters for CS, as it is a coffee industry by-product;
however, in the Mexican Regulation for roasted coffee [67], less than 3 CFU/g of E. coli is specified; thus,
by comparison, the CS result shows an acceptable level, and when comparing the results obtained for
the remaining microbiological determinations with the Official Mexican Regulation for cereals and
their products [68]—because the chemical composition of CS is similar to that of cereals—the results
obtained are within the parameters, as shown in Table 2.

Table 2. Microbiological results (CFU/g).

Parameters CS Roasted Coffee 1 Wholemeal Flour 2

Aerobic mesophilic bacteria 1400 ns 500,000
Total coliforms 40 ns 500

Molds 45 ns 500
Yeasts <10 ns ns

Salmonella spp Absence ns ns
Escherichia coli <3 <3 ns

Staphylococcus aureus <100 ns ns
1 Maximum level suggested for roasted coffee for Mexico by the Secretaría de Economía. 2 Maximum level for cereal
additives for Mexico by the Secretaría de Salud. ns—not specified.

3.1.3. Antioxidant Capacity and Total Polyphenol Content

The DPPH assay is based on the change of the blue-violet color towards pale yellow due to the
reaction with antioxidant substances. The antioxidant capacity of the sample according to the DPPH
method was 33.23± 0.02μM Trolox/g of CS (dry basis, db). In another study, 21.35 ± 0.39 μM eq Trolox/g
(db) was reported [9]. The antioxidant capacity according to the ABTS method was 3.45 ± 0.02 mM
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Trolox/100 g of CS (db). Some authors have published values for CS of 1.92 mM Trolox/100 g [22],
and 2.12 ± 0.4 mM Trolox/100 g dry matter [15], which are consistent with results found in this work.

The total polyphenol assay provides an approximation of the total amount of polyphenols in the
sample. In present work was obtained 16.48 ± 6.6 mg GAE/g of CS (db). This was similar to what has
been already reported, 16.1 ± 1.2 mg/g of CS [11]. These results suggest the possibility of recycling CS
in a new food product as a contribution of bioactive compounds.

3.1.4. Quantification of 5CQA

Method Performance

According to Regulation (EC) No. 333/2007 [69], if an analytical method includes an extraction
step, the result of the analysis must be corrected based on the recovery, so the level of recovery was
calculated. The efficiency of the extraction of 5CQA was 87.01% of recovery. The determination
coefficient (r2) was 0.99, which demonstrates the linearity of the calibration curve for the 5CQA at eight
concentration levels in the range of 10–500 μg/mL. The instrumental detection (LOD) and quantification
(LOQ) limits for 5CQA were determined based on the signal-to-noise ratios of 3 and 10, respectively,
using the weighted parameters [61], thus obtaining an LOD of 3.311 μg/mL and LOQ of 11.037 μg/mL.

5CQA Content in CS

The concentration of 5CQA extracted from CS was 499.03 ± 7.45 mg of 5CQA/kg of CS (db).
An amount of 198.9 ± 6.6 mg of chlorogenic acid/100 g of CS was reported [11], which is four times
higher than the concentration obtained in this work. Meanwhile, others studies have shown contents
of 1.0 ± 0.0 to 1.7 ± 0.1 mg of chlorogenic acid/g of CS [18], 9.4 ± 2.6 mg of 5CQA/g extract of CS [19]
and 89.83 ± 0.64 mg of 5CQA/g of dry extract of CS [20]. The difference in the contents of 5CQA in
the CS could be due to the nature of the coffee beans, their origins, the extraction methods, and the
processes of coffee roasting. During this process, when the temperature is higher than 160 ◦C, a series
of exothermic and endothermic reactions take place; the bean become light brown, its volume increases
considerably and the detachment of CS occurs. The chemical reactions responsible for the aroma and
flavor of roasted coffee are triggered at approximately 190 ◦C. These reactions are interrupted at the
desired point based on the bean color or programmed time [70–72]. At temperatures between 150 ◦C
and 170 ◦C the decrease in 5CQA content starts to speed up [72]. Therefore, as the beans (and the CS)
stay longer in the roaster, where high temperatures are present, the content of 5CQA considerably
diminishes. This could explain the concentration of 5CQA obtained in the CS.

3.2. Toxicological Aspects

The negative impact on human health of aflatoxins, especially because of their carcinogenicity,
shows the importance of carrying out their quantification [73]. The aflatoxin quantification yielded
the following results: aflatoxin B1 < 0.20 ppb, B2 < 0.06 ppb, G1 < 0.20 ppb and G2 < 0.06 ppb.
The maximum admissible levels in food, in the European Union, for the sum of the four aflatoxins (B1,
B2, G1 and G2) have been set from 4 μg/mL to 15 μg/mL, depending on the type of food (peanuts, nuts,
dried fruits and their by-products, and cereals and their by-products) [73]; thus, the sum of the four
aflatoxins for CS was below these limits.

For the acute oral toxicity test [63], a single dose administration of aqueous extract (CS) at 2000
mg/kg, was provided by esopharingeal cannulation. Normal behavior was recorded daily in the mice,
with normal postural reflex and hygiene habits as well as food and water consumption as appropriate
for the species. There were no clinical abnormalities. During the test period (14 days), no signs of
evident toxicity or mortality of the experimental mice were observed. The results obtained allow us to
affirm that the LD50 is above 2000 mg of CS/kg body weight.

The characterization of the CS and its toxicological evaluation allowed the evaluation of its
potential as an ingredient for the food industry, confirming that it is a source of bioactive compounds
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(including 5CQA), dietary fiber and protein, and low in fat, and that its consumption is safe, so it can
be considered for food development.

3.3. Product Development

The CS was totally incorporated into a food product to recycle this by-product without generating a
new by-product derived from the subsequent process; therefore, an extruded ready-to-eat cereal-based
food was developed.

3.3.1. Product Formulation

The product formulation was developed using the parameters obtained from the bromatological
analyses of the three raw materials. The composition obtained for corn was 7.57% protein, 1.24% ashes,
2.22% fats, 77.46% carbohydrates and 7.49% corrected dietary fiber [74], and that for popped amaranth
was 15.60% protein, 2.88% ashes, 7.97% fats, 73.55% carbohydrates and 9.41% dietary fiber; the CS
composition is described in Section 3.1.1.

An extreme vertices mixture design was used to determine the best combination of the three raw
materials—CS, CM and AF—that minimized the WSI and maximized the 5CQA content. The proposed
formulations were designed to be classified as foods with high fiber contents and sources of protein, in
accordance with the established Regulation (EC) No. 1924/2006 [75], where a food with a high fiber
content is one that has a minimum of 6 g of fiber/100 g of product, and a food source of protein is one
in which protein contributes at least 12% of the total energy value, which was verified by performing a
theoretical calculation using the values obtained from the bromatological analysis of the raw materials,
according to the formulations obtained through the mixture design. Table 3 shows the formulations
proposed by the mixture design and the results for the dietary fiber and corresponding percentage of
energy contributed by proteins, satisfying both requirements.

Table 3. Extreme vertices mixture design. Theoretical values for dietary fiber and protein energy
contribution. WSI and 5CQA concentration determined in extruded product.

CS:CM:AF 1 %
Dietary Fiber 2

g/100 g Product
Protein Contribution to

the TEV 2,3 %
WSI 4,6 5CQA 5,6 mg/kg

2:0:98 10.3 14.6 39.85 ± 0.86 13.64 ± 0.24
15:35:50 20.7 12.9 27.01 ± 0.11 63.60 ± 1.48
15:0:85 16.1 14.9 46.34 ± 0.88 62.94 ± 1.12
5:45:50 17.5 12.1 21.73 ± 0.79 28.77 ± 0.73
2:45:53 16.2 12.1 26.59 ± 0.87 27.01 ± 0.75

4.9:12.5:82.6 13.2 14.0 37.76 ± 0.16 25.50 ± 0.68
11.4:30:58.6 18.4 13.1 29.68 ± 0.22 47.35 ± 1.08

11.4:12.5:76.1 16.1 14.1 41.45 ± 0.09 51.58 ± 1.49
6.4:35:58.6 16.8 12.8 29.91 ± 1.42 33.09 ± 0.61
4.9:35:60.1 16.2 12.7 23.59 ± 0.62 29.58 ± 0.84
8.5:0:91.5 13.2 14.7 44.79 ± 0.52 34.11 ± 0.90
2:22.5:75.5 13.2 13.4 33.23 ± 0.71 13.57 ± 0.12
15:17.5:67.5 18.4 13.9 31.86 ± 0.30 59.82 ± 0.51

10:40:50 19.1 12.5 22.54 ± 0.61 49.39 ± 0.78
3.5:45:51.5 16.8 12.1 23.52 ± 0.84 23.18 ± 0.39
7.8:25:67.2 16.2 13.4 31.55 ± 0.37 34.70 ± 0.18

1 CS:CM:AF, coffee silverskin/cornmeal/amaranth flour; 2 calculated values for each mixture; 3 TEV, Total Energy
Value; 4 WSI, Water Solubility Index; 5 5CQA, 5-caffeoylquinic acid; mg/kg, mg of 5CQA/kg extruded product;
6 Measured values.

3.3.2. WSI and 5CQA Content in Extruded Products

Extrusion cooking was accomplished. The WSI and 5CQA content were determined for the
extrudates; the results are exhibited in Table 3.
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The WSI is related to the quantity of soluble molecules, which is related to dextrinization. Thus,
the WSI can be used as an indicator for the degradation of molecular compounds and measures the
degree of starch conversion during extrusion [29]. The WSI of the extrudates was influenced by the
quadratic effect of the raw materials. The adjusted R-square value was 0.90. The CM effect was more
important for the decrease in this property. In Figure 3, a decrease in the WSI with an increase in the
CM content can be observed. The reduction in starch degradation lowers the WSI, which increases the
bowl life of breakfast cereals and reduces the undesirable powdery mouthfeel of extruded snacks [28].

Figure 3. Contour plot for WSI of extruded product formulated with corn meal (CM), amaranth flour
(AF) and coffee silverskin (CS).

The 5CQA content of extrudates was influenced by the quadratic effect of the raw materials.
The adjusted R-square value was 0.97. The CS effect was more important for the increase in this
property. In Figure 4, an increase in the 5CQA content with an increase in the CS content can be
observed, as expected since this ingredient is the source of this bioactive compound, as shown in
Section 3.1.4.

Figure 4. Contour plot for 5CQA content of extruded product formulated with corn meal (CM),
amaranth flour (AF) and coffee silverskin (CS).

The optimization of the formulation with the response variables WSI and 5CQA content, using the
desirability function [66] in the indicated region, maximizing the 5CQA content and minimizing the
WSI response, showed that the optimal values for the studied components were 35% CM, 50% AF and
15% CS. The overall desirability was 0.937. The desirability function predicts the response values of
the WSI at 24.67 and 5CQA content at 63.41 mg of 5CQA/kg of extruded product, which are similar to
the values determined in Table 3 for this formulation. Figure 5 shows the optimized extruded product.
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Figure 5. Optimized extruded product.

Further research is suggested in order to study the texture properties and sensory evaluation of
the extrudates; also, consumer acceptability needs to be explored.

4. Conclusions

The CS can be considered as a new food ingredient, which can increase the protein and dietary fiber
content of food, in addition to providing bioactive compounds such as 5CQA, which has been shown
to exert benefits in the human organism. Up to 15% of CS was incorporated into the extruded product.

To ensure the safety of CS as a food ingredient, the application of good manufacturing and storage
practices are recommended, from its collection in the coffee industry. A grinding process is suggested
for easy handling.

Although this study contributes to establishing routes for the valorization of CS, it is important to
note that studies are still needed to demonstrate the sustainability of this food industry by-product.
To incorporate CS in the food production chain, it is suggested to carry out shelf-life tests, studies on
logistics issues and/or business opportunity studies for coffee roasters. An assessment of consumer
acceptability is also necessary. Furthermore, economic feasibility studies are required.
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Abstract: Natural sweeteners, such as agave syrup, might be a healthy alternative to sucrose used in
sweet bakery products linked to obesity. We evaluated the effect of sucrose replacement by agave
syrup on rheological and microstructural properties of muffin batter and on physical and sensorial
properties of the baked product. Muffins were formulated by replacing 25%, 50%, 75%, and 100% of
sucrose by agave syrup (AS) and partially hydrolyzed agave syrup (PHAS), and by adding xanthan
gum and doubled quantities of leavening agents. Rheological and microstructural properties of
batter during baking were analyzed over the range of 25–100 ◦C. In the muffins, the structure, texture,
color, and sensory acceptance were studied. The combination of agave syrup with xanthan gum and
doubled quantities of leavening agents affected (p < 0.05) rheological and microstructural properties of
the batters and textural properties of the low-sucrose muffins compared to the controls. The increase
in agave syrup levels resulted in a darker crumb and crust. Sensory evaluation showed that AS-75
and PHAS-75 were the best alternatives to the control samples. Our results suggest a plausible
substitution of up to 75% of sucrose by agave syrup in preparation of muffins, with physical and
sensorial characteristics similar to those of their sucrose-containing counterparts.

Keywords: inulin; bakery products; xanthan gum; leavening agent

1. Introduction

Nowadays, the eating habits of the world’s population include high ingestion of foods rich in
sugars and fats, such as sweet bakery products [1,2]. Due to their practicality and pleasant taste,
muffins are widely consumed by people of all ages, although mainly children [3,4]. The excessive
consumption of these products has contributed to an increase in a series of non-communicable diseases
and comorbidities, such as overweight, obesity [5], and dental caries [6]. According to the World
Health Organization, almost 40% of the adult world population was overweight in 2016 and 13% were
obese, whereas 40 million children under 5 years old were overweight or obese in 2018 [7].

In addition to providing sweetness to bakery products, sucrose contributes to the development
of their structure, texture, and color [8]. Therefore, the replacement of sucrose content by artificial
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or natural sweeteners in the production of bakery products represents a challenge for the food
industry [1,9,10]. Intense or non-caloric sweeteners (sucralose, saccharin, cyclamate, stevia, etc.) have
great sweetening power; however, they do not contribute to the formation of the body of the bakery
product [11]. On the other hand, energy sweeteners (monosaccharides, disaccharides, polyalcohols,
etc.) can give rise to bakery products with stable structure, but they tend to lack in flavor [11].
Nevertheless, some natural agents may combine the best qualities of both groups of sweeteners: good
sweetening power and a stable structure of the final bakery product; this group of sweeteners includes
agave syrup (AS) [12–14].

Agave syrup is the sweet substance obtained by the hydrolysis of fructans present in the Agave spp.
heads. In Mexico, where Agave spp. is endemic, there are about 205 species; however, agave syrup
is obtained mostly from Agave tequilana Weber var. blue [15]. This natural sweetener, composed of
fructose and fructooligosaccharides, has proven to have beneficial properties on human health, such as
high prebiotic capacity and a low glycemic index score, and could prevent obesity and type II diabetes
mellitus [16,17].

In bakery products, the use of agave syrup as a partial or total sucrose replacer has been employed
in the elaboration of cookies [12], gluten-free cakes [13], and cereal bars [14]. However, the effects of
agave syrup on the rheological, microstructural, and sensorial properties of bakery products remain
unknown, both in the batter and in the final product.

The aim of this research was to evaluate the effects of sucrose replacement by agave syrup on
rheological and microstructural properties of muffin batter, as well as on physical and sensorial
properties of the baked product. Additionally, our study aimed to find added value in a natural
sweetener that is currently underused in bakery products due to the lack of knowledge on its behavior
during the baking process.

2. Materials and Methods

2.1. Muffin Batter Ingredients

The muffin batter ingredients included wheat flour (Cerealien Bischheim GmbH, Bischheim,
Germany; composition provided by the supplier: 15% moisture, 12% protein); sugar (Pfeifer & Langen
GmbH and Co., Cologne, Germany); whole liquid egg (Huevos Guillen S. L., Valencia, Spain); skimmed
milk powder (Capsa Food, Asturias, Spain); refined sunflower oil (Sovena España S.A., Sevilla, Spain);
agave syrup (Mieles Campos Azules S. A. de C. V., Amatitlan, Mexico; specifications of moisture and
total sugars provided by the supplier: 23.20% moisture, 92.86% fructose, 0.15% glucose, 0.12% sucrose,
6.71% inulin, and 0.16% other carbohydrates); partially hydrolyzed agave syrup (PHAS) (Mieles
Campos Azules S. A. de C. V., Amatitlan, Mexico; specifications of moisture and total sugars provided
by the supplier: 23.30% moisture, 85.52% fructose, 0.40% glucose, 0.25% sucrose, 13.58% inulin,
and 0.25% other carbohydrates); xanthan gum (Cargill France SAS, Puteaux, France); leavening agents,
including sodium bicarbonate, malic acid, and tartaric acid (Hacendado, Valencia, Spain); and salt
(Salinas Del Odiel, S. L., Huelva, Spain). The sucrose equivalent (SE) of agave syrup (AS) and partially
hydrolyzed agave syrup (PHAS) was calculated using the equation proposed by Koehler and Kays [18]
and Belščak-Cvitanović et al. [19]; the SE values for AS and PHAS were 1.61 and 1.49, respectively.

2.2. Batter and Muffin Preparation

Nine muffin batters were prepared according to batter formulations in Table 1. In the case of
batters elaborated with sucrose replacement by AS and PHAS (25% replacement: AS-25 and PHAS-25;
50% replacement: AS-50 and PHAS-50; 75% replacement: AS-75 and PHAS-75; and 100% replacement:
AS-100 and PHAS-100), the concentration of leavening agents was doubled and xanthan gum was
used as a loading agent according to Martínez-Cervera et al. [3].
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Table 1. Formulations of the different muffin batters (percentage on wheat flour basis).

Ingredients CONTROL AS-25 AS-50 AS-75 AS-100 PHAS-25 PHAS-50 PHAS-75 PHAS-100

Wheat flour 100 100 100 100 100 100 100 100 100
Sucrose 100 75 50 25 - 75 50 25 -

AS - 15.48 30.95 46.42 61.90 - - - -
PHAS - - - - - 16.68 33.36 50.05 66.73

Xanthan gum - 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Pure water - 30 30 30 30 30 30 30 30

Whole liquid egg 81 81 81 81 81 81 81 81 81
Skimmed milk 100 100 100 100 100 100 100 100 100
Sunflower oil 46 46 46 46 46 46 46 46 46

Sodium bicarbonate 4 8 8 8 8 8 8 8 8
Malic and tartaric acid 3 6 6 6 6 6 6 6 6

Salt 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

AS: Agave syrup; PHAS: Partially hydrolyzed agave syrup.

The all-in mixing procedure reported by Rodríguez-García et al. [20] was employed in batter
preparation, with some modifications. First, the liquid ingredients (including 0.5 g of xanthan gum
dissolved in 30 g of water), except for the sunflower oil, were introduced into the commercial kneader
(Thermomix, TM31, Wuppertal, Germany) and mixed for 1 min at a speed of 200 rpm. Then, the solid
ingredients were added into the same container and mixed for an additional 2 min at the same speed.
Finally, sunflower oil was added and mixed in for 3 min at 500 rpm. Once the smooth batter was
obtained, 45 g were placed in paper molds and subsequently deposited in silicone trays. Finally,
they were introduced into an electric oven (Electrolux, EOC3430DOX, Stockholm, Sweden) that had
been preheated to 180 ◦C. Samples were baked for 30 min at 180 ◦C. Each baking batch consisted of
12 muffins and each formulation was carried out in triplicate, representing 36 samples per formulation.
All analyses were performed 24 h after baking in order to ensure stability in the samples.

2.3. Rheology and Microstructure of Batters

Rheological and microstructural analyses were performed in batters with 0% (control), 50%,
and 100% sucrose replacement by both AS and PHAS. Rheological measurements were carried out
using a rotational rheometer (Kinexus Pro+, Malvern Panalytical, Malvern, UK) equipped with
a Peltier plate cartridge. A series of tests were performed at 20 ◦C with parallel plate geometry
(Φ = 40 mm), with the geometry gap set at 1500 μm. Before the rheological test, the batters were all
kept at 25 ◦C for 60 min post-preparation. Flow measurements were conducted (shear rate 1 s−1 to
100 s−1, temperature = 25 ◦C), along with frequency sweeps (stress = 10 Pa, frequency = 0.1–10 Hz,
temperature = 25 ◦C) and temperature sweeps in the linear viscoelastic region (frequency = 1 Hz,
stress = 100 Pa, temperature = 25–100 ◦C). Vaseline oil was applied to the exposed surfaces of the
samples to prevent sample drying during testing.

Microscopical examination of muffin batters during simulated micro-baking was carried out
following the methodology proposed by Rodríguez-García et al. [20]. One drop of the sample was
placed in the concavity of a glass slide and placed into a temperature-controlled vault. The temperature
in the vault rose steadily from 25 ◦C to 105 ◦C at the rate of 1.5 ◦C/min. Batter samples were observed at
4×magnification (objective lens 4 × /0.13∞/ −WD 17.1, Nikon, Tokyo, Japan). A camera (ExWaveHAD,
model no. DXC-190, Sony, Tokyo, Japan) was attached to the microscope and connected to the video
entry port of a computer. Images were captured and stored in the format of 640 × 540 pixels using the
microscope software (Linksys 32, Linkam, Surrey, UK).

2.4. Muffin Height and Crumb Structure

Muffins were cut vertically with a stainless steel knife and scanned by means of a conventional
scanner (Epson Perfection 1250; Epson America, Inc., Long Beach, CA, USA) at a resolution of 300 dpi.
The maximum muffin height and the crumb structure were measured using ImageJ software (National
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Institute of Health, Bethesda, MA, USA). Each image was cropped to a 30 × 30 mm section on
which the crumb analysis was performed. The image was split into color channels, the contrast was
enhanced, and the image was binarized at the grey scale, resulting in air cells being colored in black
and the rest of the crumb in white. Four macroscopic characteristics of the crumb cell structure were
calculated, namely the cell area (mm2), cell circularity, cell density, and total cell area within the crumb
(%). The data for the muffin height and crumb structure were obtained from 18 different images for
each formulation.

2.5. Muffin Texture

Muffin textural properties were evaluated using a texture analyzer (Stable Micro System,
TA-XT plus, Godalming, UK) and the Texture Exponent Lite 32 program (version 6.1.4.0, Stable Micro
Systems, Godalming, UK). For texture profile analysis (TPA), cubes were cut from the central area of
the muffin (1.5 cm per side). Double compressions of 40% deformation at a speed of 1 mm/s were
performed, with a resting time of 5 s between the two compressions. Compression was performed
with a 35-mm diameter aluminum plate. After the two compression cycles, the following parameters
were recorded: hardness, elasticity, cohesiveness, and chewiness [21].

2.6. Muffin Crust and Crumb Color

Color measurements of both the muffin crust and crumb were carried out with a CR-400 chroma
meter (Konica Minolta Sensing Americas, Inc., Ramsey, MN, USA). The results were expressed in
accordance with the International Commission on Illumination (CIELAB) system with reference to
illuminant C and a visual angle of 2◦. The determined parameters were L* (lightness, L* = 0 (black)
and L* = 100 (white)), a* ((a* negative values = greenness and a* positive values = redness)), and b*
((b* negative values = blueness and b* positive values = yellowness)). The chroma (C*ab), hue angle
(h*ab), and total color difference (ΔE*) were calculated using Equations (1)–(3):

C∗ab =
√

a∗2 + b∗2 (1)

h∗ab = tan−1 (b
∗)

(a∗)
(2)

ΔE∗ =
√(

L∗ − L∗0
)2
+
(
a∗ − a∗0

)2
+
(
b∗ − b∗0

)2
(3)

where L∗0, a∗0, and b∗0 represent the values of the chromatic coordinates of the control muffin.

2.7. Sensory Evaluation of Final Product

Seventy untrained judges (18–80 years old, recruited from the Life Sciences Division of the
University of Guanajuato, Irapuato, Mexico) simultaneously evaluated the sensory characteristics
(appearance, flavor, texture, color, and general acceptability) of the control and the eight muffin
formulations made with AS and PHAS. The product acceptability was determined using a nine-point
hedonic scale (9 = like; 1 = dislike) [22].

2.8. Statistical Analysis

Two-way analyses of variance (ANOVAs) with sucrose replacement (0%, 25%, 50%, 75%, and 100%)
and agave syrup type (AS and PHAS) as between-subject factors were carried out on all dependent
variables in SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Tukey post-hoc tests were performed for
all significant main effects and interactions.
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3. Results and Discussion

3.1. Rheological Properties of Muffin Batters

Figure 1 shows the effect of sucrose replacement (at 0%, 50%, and 100% reduction levels) by AS
and PHAS and a combination of xanthan gum and doubled quantities of leavening agents on flow
curves of the muffin batters.

Figure 1. The impact of sucrose replacement by agave syrup (AS) and partially hydrolyzed agave
syrup (PHAS) on flow curves of the muffin batters: control (blue triangles), PHAS-50 (black crosses),
AS-50 (yellow diamonds), PHAS-100 (green circles), and AS-100 (red squares).

A typical shear thinning behavior was observed in all batters (Figure 1). Despite having used
a combination of xanthan gum and doubled quantities of leavening agents, the batters were less
viscous when AS and PHAS were employed as sucrose replacers. This behavior is quite possibly
related to the moisture content of agave syrups (23.20% and 23.30% for AS and PHAS, respectively)
which would have induced the decrease in AS and PHAS batter viscosities. At a shear rate of 60 s−1,
the apparent viscosity significantly (p < 0.05) decreased as more sucrose was replaced by AS and PHAS,
from 3.35 (0.01; the values in parentheses refer to the standard deviation of the mean) Pa·s in the control
sample to 2.48 (0.04) Pa·s and 1.98 (0.04) Pa·s in 50% and 100% sucrose-replaced batters, respectively.
There was no significant (p > 0.05) effect of agave syrup type, nor an interaction between the two
factors. Other authors also stated the decrease in the batter viscosity due to the sucrose replacement by
syrups resulting in a low product volume and poor cell structure [2].

Figure 2A,B show the frequency dependence of the different batters on the elastic modulus (G′),
the viscous modulus (G”), and the phase angle (δ) at 25 ◦C. At low frequencies (0.1–1 Hz), the control
batter behaved as a solid (G′ > G”; δ < 45), while at high frequencies (>1 Hz) this batter exhibited a
liquid-like behavior (G′ < G”; δ > 45). On the other hand, batters formulated with AS (AS-50 and
AS-100) and PHAS (PHAS-50 and PHAS-100), using a combination of xanthan gum and doubled
quantities of leavening agents, showed a solid-like behavior (G′ > G”; δ < 45), regardless of the
frequencies tested, caused by the gelling effect of xanthan gum in the batter. At 1 Hz of frequency,
sucrose replacement significantly (p < 0.05) affected the G′ modulus of batters, with higher sucrose
substitution levels producing higher G′ values. However, there was no significant effect of agave syrup
type (p > 0.05), nor an interaction between the two factors.

The competition for the available water between sucrose and xanthan gum led to a less elastic
semi-solid network, with the G′ values obtained for batters with 0, 50, and 100% of sucrose replacement
being 42.54 (5.43), 84.24 (4.90), and 98.42 (10.55) Pa, respectively. On the other hand, the G” modulus
was not significantly affected by the factors studied or their interaction (all ps > 0.05). At 1 Hz, the G”
values ranged from 45.26 (2.09) to 46.63 (1.95) Pa for the control and the 100% sucrose replacement
batter, respectively. As for the δ values, these were significantly affected by sucrose substitution
(p < 0.05), with higher sucrose replacement levels producing lower δ values, indicating a more solid-like
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behavior. The actual δ values obtained at 1 Hz for 0, 50, and 100% sucrose replacement were 46.98◦
(2.35), 28.31◦ (0.45), and 25.50◦ (1.68), respectively. There was no significant main effect of agave syrup
type (p > 0.05), nor an interaction between the two factors.

Figure 2. The impact of sucrose replacement by AS and PHAS on frequency (A,B) and temperature
(C,D) sweeps of the muffin batters: control (blue triangles), PHAS-50 (black crosses), AS-50 (yellow
diamonds), PHAS-100 (green circles), and AS-100 (red squares). In Figure 2A, two variables are shown:
G′ (full data points) and G” (empty data points).

To analyze the structural changes provoked by heat in muffin batters, linear viscoelastic properties
were studied in the range of 25–100 ◦C in order to simulate batter behavior during baking. The effects
of temperature on the complex modulus G* and δ during batter heating are shown in Figure 2C,D,
respectively. The G* modulus, a measure of batter stiffness, was lower in the control sample compared
to the samples with sucrose replacement along all the sweep temperatures tested. As the temperature
increased, batter stiffness increased as well; this was probably caused primarily by starch gelatinization
and protein denaturation [23]. The temperature at which the G* value started to increase was 60 ◦C
for the control batter, however it shifted to 75 ◦C and 85 ◦C as sucrose was replaced at 100% and
50%, respectively. In this sense, a synergic effect between sucrose and xanthan gum was observed,
delaying the starch gelatinization, and the thermosetting temperature increased in batters with 50%
replacement. Most probably, the moisture content of the agave syrups contributed to higher values of
the thermosetting temperature in replaced muffins than in the control, since a higher water content
needed to be evaporated for the structure of the replaced muffins to be built. A decrease in δ values
above those temperatures was also detected, reflecting the predominance of the elastic behavior
versus the viscous behavior during starch gelatinization and protein denaturation [24]. In summary,
the sucrose replacement by AS and PHAS and a combination of xanthan gum and doubled quantities
of leavening agents increased the thermosetting temperature in batters. This fact is important for the
correct formation of water vapor and CO2 in the batter, as well as their diffusion and expansion into
occluded air cells during the baking process [3,25].
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3.2. Microstructural Properties of Muffin Batters

Figure 3A shows the effect of sucrose replacement (at 0%, 50%, and 100% reduction levels) by
AS and PHAS in combination with the addition of xanthan gum and doubled quantities of leavening
agents on batter microstructures during simulated micro-baking. These microstructural images were
analyzed to quantify the bubble area (Figure 3B).

Figure 3. Changes in batters during micro-baking by baking temperature: (A) light microscopy images
(4×) of bubble expansion; (B) bubble size distribution histograms.
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When the temperature increased, there was an expansion of the bubbles in all samples and the
bubble size distribution tended to widen (Figure 3A). In the control batter, the number of CO2 bubbles
was higher if compared to replaced batters and the bubble size increased at a controlled and uniform
rate. This behavior may have been due to the high viscosity of this batter (as observed previously in
Figure 1), which may have reduced bubble movement in the batter and slowed down the coalescence
phenomena. Thus, regardless of temperature, the control batters showed a higher frequency of small
bubble sizes (0–10,000 μm2) in comparison with replaced batters (Figure 3B).

On the other hand, a lower viscosity of the replaced batters could have aided in bubble coalescence,
giving place to bigger bubbles. When sucrose was totally replaced, a high frequency of big bubble sizes
(over 60,000 μm2) could be observed for AS-100 and PHAS-100 when compared to the other batters.
Regarding the influence of agave syrup type, PHAS samples showed a higher frequency of big bubbles
(over 140,000 μm2) than AS samples at both 50% and 100% sucrose replacement (Figure 3B).

3.3. Muffin Crumb Structure

Figure 4 shows the effect of sucrose replacement by AS and PHAS on the macroscopic characteristics
of the crumb cell structure, measured by image analysis.

Figure 4. The impact of sucrose replacement by AS and PHAS on the muffin crumb structure, namely
cell density (A), cell area (B), total cell area (C), and circularity (D). Error bars represent 95% confidence
intervals. The different subscript letters of the same color represent Tukey’s homogeneous groups,
with significant (p < 0.05) differences between different sucrose replacement levels for AS (blue letters),
PHAS (red letters), or for both types of agave syrup when there was no interaction between the sucrose
replacement and agave syrup type (black letters).

Regarding cell density, the main effect of the sucrose replacement was significant (p < 0.05),
with lower cell density for samples with 25% and 50% sucrose substitution in comparison to control
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and samples with 75% and 100% sucrose substitution (Figure 4A). There was a significant main effect
(p < 0.05) of agave syrup type, which did not interact with sucrose replacement (p > 0.05). The main
effect of sucrose replacement on cell area was significant (p < 0.05). As sucrose substitution increased,
the average air cell size was higher than the control muffin (Figure 4B). There was also a significant
main effect (p < 0.05) of agave syrup type, which did not interact with sucrose replacement (p > 0.05).
A higher average cell area was obtained when substituting sucrose by PHAS than by AS.

As for total cell area (%), there were significant main effects (p < 0.05) of sucrose replacement and
agave syrup type, with higher levels of sucrose replacement and PHAS reaching higher percentages of
total cell area than control muffin (Figure 4C). There was a significant interaction (p < 0.05) between the
effects of the two variables, caused by an inversion in the general trend at 75% of sucrose substitution
by PHAS. Sucrose replacement affected cell circularity, but a significant (p < 0.05) reduction was only
observed for the formulations with 100% substitution (Figure 4D). However, there was no main effect
of agave syrup type on cell circularity, nor an interaction between the two factors (p > 0.05).

The obtained results are in accordance with observations of the bubble expansion during
micro-baking (Figure 3), where a high frequency of small bubble sizes in control batters could be
observed. The variations that occurred in the muffin crumb as sucrose substitution increased are due
mainly to the fact that with the addition of xanthan gum and doubled quantity of leavening agents,
the batters with sucrose substitution comprised a greater amount of gas. In addition, the low viscosity
of the batters allowed for the gas bubbles to have more mobility, provoking their coalescence. The gases
did not reach the surface since their exit was hindered by an early formation of the crust, resulting in
the setting of the bubbles in the form of diffusion pathways. Thus, the samples with over 25% sucrose
replacement by both AS and PHAS reached a height of over 57.33 (2.10) mm. When compared to the
average height of 50.93 (2.27) mm obtained from the control samples, significant (p < 0.05) differences
in height can be observed for all samples with sucrose replacement by AS and PHAS.

3.4. Muffin Texture

Figure 5 shows the effect of sucrose replacement by AS and PHAS on the texture profile analysis
of the final products. Since the textural properties of muffins depend greatly on their crumb structure,
all samples with over 25% sucrose substitution by either AS or PHAS presented significant differences
(p < 0.05) with the control for all textural properties evaluated. As a result, all the replaced muffins
considerably differed from the control regardless of syrup type or replacement level.

Regarding hardness, the main effect of sucrose replacement was significant (p < 0.05), with lower
hardness values recorded for samples with sucrose replacement than control, decreasing from 1.27 (0.30)
N in the control sample to a range of 0.65 (0.27) to 0.85 (0.32) N for the rest of the samples. Even though
agave syrup type did not have a significant main effect (p > 0.05) on this attribute, it did interact with
sucrose replacement (p < 0.05) (Figure 5A).

The main effect of sucrose replacement on springiness was significant (p < 0.05). As sucrose
substitution increased, the average values tended to increase as well. There was also a significant main
effect of agave syrup type on springiness (p < 0.05), which did not interact with sucrose replacement
(p > 0.05). Moreover, a significant difference (p < 0.05) was observed between the control sample and
the formulations with over 25% sucrose substitution, where the values increased from 0.32 (0.03) in the
control formulation to a range of values between 0.38 (0.02) and 0.41 (0.02) for the other formulations.
On the other hand, slightly higher springiness values were obtained when substituting sucrose with
AS than PHAS (Figure 5B).

Cohesiveness was significantly affected (p < 0.05) by sucrose replacement, as well as by agave
syrup type. However, there was no significant interaction between these variables (p > 0.05). As sucrose
substitution levels escalated, cohesiveness significantly increased (p > 0.05) as well, from 0.71 (0.02) in
the control formulation to at least a value of 0.74 (0.02) for the other samples. Similarly to springiness,
slightly higher cohesiveness values were obtained when substituting sucrose with AS than PHAS
(Figure 5C). As for chewiness, the results are very similar to hardness. The main effect of sucrose
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replacement was significant (p < 0.05), while the main effect of agave syrup type was not (p > 0.05).
There was a significant interaction between the effect of sucrose replacement and agave syrup type
(p < 0.05) caused by an inversion in the general trend at 50% sucrose substitution by AS (Figure 5D).

Figure 5. The impact of sucrose replacement by AS and PHAS on the textural profile analysis of muffins:
(A) hardness, (B) springiness, (C) cohesiveness, and (D) chewiness. The different subscript letters of
the same color represent Tukey’s homogeneous groups, with significant (p < 0.05) differences between
different sucrose replacement levels for AS (blue letters), PHAS (red letters), or for both types of agave
syrup when there was no interaction between sucrose replacement and agave syrup type (black letters).

In replaced batters, the gases were not able to fully exit the product due to the increase in the
amount of gas production during baking, which was caused by the doubling of leavening agents and
the low permeability of the crust. Along with this, the low viscosity of the batter allowed for the air
bubbles to move and coalesce, causing the muffin crumb to contain large air cells resembling diffusion
pathways, as well as compact areas [26]. This particular structure of the crumb led to increases in
cohesiveness and springiness, due to the fact that the presence of air cells allowed the muffins to easily
recover their original shape and size after being compressed.

Regarding the decrease in hardness shown by the sucrose-substituted muffins, this was probably
caused by the increase in total cell area (%). The products became softer because the air cells did
not give any resistance during their first compression. Since chewiness refers to the difficulty to
chew and create food bolus, its value depends on the product hardness, which is why the products
were easier to chew as they became less hard [3]. The decrease in muffin chewiness could be also
attributed to the increase in cohesiveness, since this characteristic allows for the formation of a bolus
instead of fracturing or crumbling upon mastication [27]. According to Gao et al. [28], partial and
total replacement of sucrose in sweetened baked products usually results in higher hardness and
chewiness values, as well as in lower springiness. This is credited to the ability of sucrose to delay
starch gelatinization. Nonetheless, due to the incorporation of double quantities of leavening agents,
our muffins showed opposite results [29].
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3.5. Muffin Crust and Crumb Color

In general terms, the control muffin showed a golden-brown crust and a yellow crumb, which are
both characteristic of bakery products. However, as the percentage of sucrose substitution increased,
the muffin color in general tended to be darker than in control samples, with the muffin crust turning
towards red hues and the crumb losing some of its yellowness.

The main effect of sucrose replacement on L* was significant (p < 0.05) in both the muffin crust
and crumb. As sucrose substitution increased, the L* values (ranging from 46.27 to 42.50 for the crust
and from 61.34 to 53.23 for the crumb) significantly decreased (p < 0.05) in comparison with the control
samples (58.81 and 69.16 for the crust and crumb, respectively).

Regarding the C*ab of the crust, significant effects (p < 0.05) were observed for sucrose replacement,
as well as for agave syrup type, with a significant interaction (p < 0.05) between these factors. As for
the crumb C*ab, only sucrose substitution had a significant effect (p < 0.05). As sucrose replacement
increased, the color intensity of both the crust and crumb of the muffins showed different tendencies;
while the crusts values decreased (40.59 for control and 35.99–32.22 for replaced muffins), the crumb
values increased (21.87 for control and 30.27–27.50 for replaced muffins). Both presented significant
differences (p < 0.05) between the control and the rest of the samples.

The main effect of sucrose substitution on h*ab was significant (p < 0.05) on both the muffin crust
and crumb. Replaced muffins exhibited lower h*ab values of both the crumb and crust (ranging from
65.02 to 62.47 for the crust and from 84.07 to 76.10 for the crumb) than control samples (77.55 and 94.79
for the crust and crumb, respectively). Moreover, as percentages of sucrose replacement increased,
the crumb h*ab values decreased. This shows that sucrose replacement by agave syrup provokes hue
changes from yellow to orange-red, both in the muffin crumb and crust.

As for ΔE*, the main effect of the two factors was significant (p < 0.05) for the crust and the crumb.
In general, the samples in which sucrose was replaced with PHAS syrup showed higher ΔE* values in
the crust (20.45), whereas crumb ΔE* values were similar for both AS and PHAS (ranging from 14.66
to 18.50). According to Bodart et al. [30], when the values obtained for total color difference are over
three, the color variations between the analyzed samples are visible to the human eye. In this study,
all samples with sucrose replacement showed ΔE* values of over three when compared to the control
formulation, meaning the variations in color were easily noticeable to the naked eye.

The differences in color exhibited by the different formulations can mainly be attributed to
the intensification of non-enzymatic browning (Maillard reaction) that happened as the amount of
incorporated agave syrup increased [31,32]. Similar results were reported by Kocer et al. [33]—as
the amount of sucrose replaced by polydextrose increased, the baked products became darker.
When substituting sucrose by other sweeteners such as erythritol, sorbitol, maltitol, xylitol, and mannitol,
the opposite tends to occur, as these sweeteners do not contribute to the Maillard reaction [3,34]. On a
smaller scale, the muffin color was also affected by the dark color of the syrups in comparison to
sucrose. Temperature fulfills an important role regarding the color of the crust and crumb of bakery
products. Since the Maillard reaction is temperature-dependent, its effect will vary according to the
maximum temperature reached. The crust tends to present a greater change due to the fact that it is
exposed to higher temperatures, while the crumb’s exposure to the heat is more limited [32].

3.6. Sensory Evaluation of Final Product

Figure 6 shows the effects of sucrose replacement by AS and PHAS on sensory acceptance of
muffins. The main effect of sucrose replacement on the appearance and flavor of the final products
(Figure 6A,B, respectively) was significant (p < 0.05). There was also a significant main effect of agave
syrup type (p < 0.05), which interacted with sucrose replacement (p < 0.05). Significant differences
(p < 0.05) between AS and PHAS were observed at 100% sucrose substitution. Throughout all samples,
PHAS maintained higher average scores than AS. The interaction in the case of appearance was caused
by the decrease of scores that occurred at 50% sucrose substitution by PHAS, the point at which the
tendency for the samples with AS kept rising.
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Muffin texture was significantly affected by sucrose substitution (p < 0.05), as well as by agave
syrup type (p < 0.05). However, there was no significant interaction between these factors (p > 0.05).
The texture of samples with AS and PHAS had a similar tendency for all substitution levels, with muffins
made with 25% and 50% sucrose substitution yielding significantly (p < 0.05) better texture acceptance
than the control and 75% and 100% substitution levels (Figure 6C). In general, PHAS had better texture
acceptance than AS.

Regarding color and general acceptance, the main effects of both sucrose replacement and agave
syrup type were significant (p < 0.05). There was a significant interaction between these factors
(p < 0.05). Although the samples where sucrose was substituted by PHAS did not show significant
differences (p < 0.05) between replacement levels, the muffins with AS showed less consistency in their
scores, presenting significant differences (p < 0.05) for the samples with 100% sucrose substitution.

As sucrose substitution increased, the muffin color became darker. This factor favored the color
score up to 75% of sucrose substitution by AS. Some judges singled out the fact that the darker color
gave the muffins a more “rustic” and “home-made” appearance, which they liked. However, once the
color became too dark, the change became unfavorable. On the other hand, when PHAS was used as
sucrose replacement, there were no significant differences in the color score of the different samples
(Figure 6D). Taking all aspects into consideration, it is possible to say that the samples made by
substituting 75% of the sucrose with either AS or PHAS syrups were the best alternative to the control
samples (Figure 6E).

4. Conclusions

Based on the results of our study, both AS and PHAS can be used as alternatives for sucrose
in muffin formulations in combination with the addition of xanthan gum and doubled quantities of
leavening agents. The sucrose replacement by AS and PHAS reduced the batter viscosity and increased
the thermosetting temperature in batters from 60 ◦C for the control to 75–85 ◦C for replaced batters.
The textural properties of muffins depend greatly on their crumb structure; all the replaced muffins
considerably differed from the control regardless of syrup type or replacement level. As for color
properties, as the percentage of sucrose substitution increased, muffin color in general tended to be
darker than in control samples, with the muffin crust turning towards red hues and the crumb losing
some of its yellowness. Even though the percentage of sucrose replacement affected the rheological
and microstructural properties of the batters and physical parameters analyzed in the baked products,
the sensory evaluation of the muffins suggested that both types of agave syrup can be good alternatives
up to 75% sucrose substitution. When 100% of the sucrose was replaced, muffins formulated with
PHAS showed better texture, flavor, color, and general acceptability than those formulated with AS.
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Abstract: Durum wheat is widespread in the Mediterranean area, mainly in southern Italy, where
traditional durum wheat breadmaking is consolidated. Bread is often prepared by adding a lot of
salt to the dough. However, evidence suggests that excessive salt in a diet is a disease risk factor.
The aim of this work is to study the effect of a natural low-sodium sea salt (Saltwell®) on bread-quality
parameters and shelf-life. Bread samples were prepared using different levels of traditional sea salt
and Saltwell®. The loaves were packaged in modified atmosphere conditions (MAPs) and monitored
over 90 days of storage. No significant differences (p ≤ 0.05) were found in specific volumes and
bread yield between the breads and over storage times, regardless of the type and quantity of salt
used. Textural data, however, showed some significant differences (p ≤ 0.01) between the breads and
storage times. 5-hydroxymethylfurfural (HMF) is considered, nowadays, as an emerging ubiquitous
processing contaminant; bread with the lowest level of Saltwell® had the lowest HMF content,
and during storage, a decrease content was highlighted. Sensory data showed that the loaves had a
similar rating (p ≤ 0.05) and differed only in salt content before storage. This study has found that
durum wheat bread can make a nutritional claim of being “low in sodium” and “very low in sodium”.

Keywords: Triticum turgidum L. subsp. durum Desf.; bread; NaCl; low-sodium sea salt; Na+ reduction;
physico-chemical and textural attributes; sensory evaluation

1. Introduction

There is much evidence suggesting that excessive salt intake endangers our health [1–3],
and reducing its consumption is one of the first steps to preventing noncommunicable diseases [4].
Dietary habits are often developed during childhood [5–7], so nutritional education towards a
low-sodium diet with adequate potassium intake should be encouraged [8,9]. In Italy, salt consumption
by children and adolescents suggests that the average daily sodium consumption exceeds the official
recommendations [10].

Natural foods contain modest amounts of sodium [11], and approximately two-thirds of salt
intake come from its addition during food preparation [12]. Eighty food categories were identified
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as significant contributors to salt intake, and targets were set for the food industry to meet in each
category within a certain period [13].

The WHO member states have agreed to reduce the global population’s intake of salt by a relative
30 % by 2025, and several strategies have been undertaken to improve the consumer’s understanding
of healthy eating recommendations [14–19].

Nutrition claims of “low sodium/salt”, “very low sodium/salt”, and “sodium/salt-free” for foods
containing 1.2, 0.4, and 0.05 g kg−1 of sodium, respectively, (or the equivalent value for salt) on food
labels, informs consumers about salt content [20–22].

Salt is an essential ingredient in breadmaking: it retards gas production, enhances bread flavor,
affects the rheological properties of dough, controls fermentation (decreasing yeast activity in the dough),
and it can affect the quality parameters of bread [23,24]. Furthermore, NaCl has a strengthening effect
on gluten, increasing its resistance or elasticity, and decreasing the extensibility of the dough [25,26].

The strategies to reduce sodium in bread include the use of reduced-sodium sea salt [27],
the partial replacement of sodium chloride with potassium chloride and yeast extract [28], the use of
a salt substitute with 57% of sodium chloride [29], and heterogeneous NaCl distribution, leading to
enhanced saltiness by taste contrast [30].

In bread wheat (Triticum aestivum L.), salt is generally used at levels of about 1–2% based on
flour weight [31]. A survey of salt content in artisan and industrial bread produced in all Italian
regions was conducted in 2009/2010, its data having been recently published [32]. Artisan breads
contained between 0.7% and 2.3% g/100 g of salt, while industrial bread, on average, contained 1.6%
salt, most samples (56%) having a very high content. In the Mediterranean area, the cultivation of
durum wheat (Triticum turgidum L. subsp. durum Desf.) is widespread compared to that of bread
wheat [33] as it has a greater tolerance to drought, high temperatures, and fungal diseases, but less
resistance to winter and spring cold. According to traditional uses, mainly in Southern Italy, bread is
prepared from remilled durum wheat semolina [34]. Durum wheat milling products are characterized
by peculiar chemical, rheological, colorimetric, and baking properties [35–39]. The bread has a compact
texture, being in some cases excessively dense, with lower specific volume and harder crumbs than
white bread [39], and the characteristic taste and flavor are generally enhanced by adding a high
percentage of salt, from 20 to 25 g kg−1 [28].

In the last few years, the use of low-sodium salts in foods has been recommended.
However, almost all the commercially available low-sodium salts are produced by blending

purified potassium chloride with ordinary table salts to achieve a reduced sodium content.
Natural low-sodium sea salt not only provides less sodium and does not affect the taste profile,

but contains lots of essential trace minerals such as magnesium, potassium, calcium, and other nutrients
the body requires.

Therefore, the aim of this paper is to evaluate the effect of substituting salt with low-sodium sea
salt to measure the quality parameters of durum wheat bread over long storage.

2. Materials and Methods

2.1. Materials

Durum wheat (Triticum turgidum L. subsp. durum Desf.) remilled semolina for breadmaking [39]
was provided by “Valle del Dittaino Società Cooperativa Agricola” (Assoro, Italy), an industrial bakery
with a durum wheat mill.

The bread ingredients were food grade. Compressed yeast (AB Mauri, Casteggio, Italy) and
traditional sea salt (99.5% NaCl; Mulino S. Giuseppe, Catenanuova, Italy) employed in the breadmaking
process were purchased in a local retailer. Saltwell® (Salinity Group, Saltwell AB Göteborg Sweden)
is a natural low-sodium sea salt (less than 35%) extracted from an underground sea below the
Atacama desert (Chile). This natural sea salt contains 65 ± 1% NaCl, 30 ± 1.5% KCl, 1.0 ± 0.1% of
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MgSO4, 0.5 ± 0.1% of CaSO4, and traces of other salts and minerals. Saltwell® was kindly donated by
Medsalt—Mediterranean Salt Company S.r.l. (Rome, Italy).

Various levels (1.70%, 0.35%, 0.15% on semolina basis) of traditional sea salt and Saltwell® were
used in dough formulations, as listed in Table 1.

Table 1. Bread type code and percentage of two salts on remilled semolina basis.

Bread Types Code Salt Added (% w/w Remilled Semolina)

Control A 1.70% Traditional sea salt
Control B 1.70% Saltwell®

1A 0.35% Traditional sea salt
1B 0.35% Saltwell®

2A 0.15% Traditional sea salt
2B 0.15% Saltwell®

2.2. Methods

2.2.1. Physico-Chemical and Rheological Analyses of Remilled Semolina

The physico-chemical analyses of remilled semolina were carried out following the methods
indicated by Giannone et al. (2018) and Palumbo et al. (2002) [39–41]: moisture content was determined
according to the AACC 08-01 method (AACC, 2000) [42]. Protein content was determined by means of
the Infratec 1241 Grain Analyzer (Foss Tecator, Höganäs, Sweden), based on near infrared transmittance.
Ash content was determined according to the AACC 44-19 method (AACC, 2000) [42]. The particle
size distribution was determined by a LabSifter (KBF7SN, Buhler, Switzerland). Remilled semolina
for breadmaking was sieved for exactly 5 min on sieves with openings of 300, 200, 180, and 160 μm.
Wet and dry gluten and gluten index were obtained by using a Glutomatic System (Glutomatic 2200,
Centrifuge 2015, Glutork 2020; Perten Instruments AB, Huddinge, Sweden), according to the UNI
10690 method (UNI, 1979) [43]. The α-amylase activity was obtained by using the Falling Number
1500 apparatus (Perten Instruments AB, Huddinge, Sweden), according to the ISO 3093:2009 method
(ISO, 2009) [44].

The CIELAB color parameters (L*, a*, b*) were determined by Chromameter CR-300 (Minolta,
Osaka, Japan), using the illuminant D65. Alveograph indices were determined according to the AACC
method 54-30A (AACC, 2000) [42] using an alveograph model MA 87 equipped with the software
Alveolink NG (Tripette et Renaud, Villeneuve-la-Garenne, France). Farinograph parameters were
obtained according to the AACC 54-21 method (AACC, 2000) [42] using a Farinograph, equipped with
the software Farinograph® (Brabender instrument, Duisburg, Germany).

2.2.2. Bread Sample Production and Packaging

Bread samples were produced in a local breadmaking company (“Valle del Dittaino Società
Cooperativa Agricola”, Assoro, Italy), according to a proven industrial formulation: remilled durum
wheat semolina (65 kg), compressed yeast (0.9% on semolina basis), water (66.0% on semolina basis)
and the corresponding amount of salt. Six bread formulations containing different levels of traditional
sea salt and low-sodium sea salt were produced (Table 1). The dough was mixed for 17 min in a
high-speed mixer (San Cassiano, Italy). The final dough temperature was 26 ± 1 ◦C. The dough was left
to rest in bulk for 15 min, divided into 980 ± 20 g portions (100 loaves for each production), proofed for
150 min at 32 ± 1 ◦C and 66 ± 2% relative humidity (RH) and baked at 220 ◦C for 60 min, in industrial
tunnel ovens measuring 33 × 3 m (Pavailler Engineering, Galliate, Italy). The baked loaves, with an
approximate weight of 1 kg each, were automatically transported to a cooling chamber (Tecnopool,
Italy) set at 20 ± 2 ◦C for 120 min. After cooling, the loaves were sliced by means of an automatic
slicing machine (Brevetti Gasparin, Marano Vicentino, Italy) to 11 ± 1 mm thickness. About 450 g of
sliced bread per loaf was packaged under modified atmosphere conditions (MAPs) using inert gas
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(70:30 N2:CO2). The bread packaging materials consisted of two plastic films provided by Cryovac
Sealed Air (Elmwood Park, NJ, USA).

The samples were stored for up to 90 days at 20 ± 2 ◦C and 60 ± 2% RH. The quality parameters
were determined at regular intervals in triplicate for each batch.

The following parameters and properties were tested for each bread sample during each sampling:
volume, height, weight, diameter basis, crumb porosity, internal structure, top and base crust thickness,
texture profile analysis, water activity, moisture, pH, 5-hydroxymethylfurfural (HMF) content, crust and
crumb color, and sensory evaluation.

2.2.3. Bread Quality Evaluation

Determination of the Physico-Chemical Properties of the Breads

The volume was determined in a loaf volume meter by measuring the volume of rapeseed
displaced by the bread, according to the AACC method 10.05.01 (AACC, 2000) [42]. The specific
volume (mL/g) was calculated as a ratio of the loaf volume and the bread weight. The specific weight
was calculated as the ratio of the loaf weight and bread volume. The h/d ratio was obtained as the
ratio of the bread height and bread diameter of the loaf base. The crumb porosity was estimated using
the Mohs scale. The CIELAB space L* a* b* color parameters were measured for the crumb, in the
transversely cut bread, and on the crust surface, averaging ten distinct points in each case, using a
chromameter (CR-200, Konica Minolta, Osaka, Japan) with illuminant D65.

Bread samples were analyzed for Na+ (mg Kg−1) content by inductively coupled plasma optical
emission spectrometry (ICP-OES Optima 2000DV, Perkin Elmer, Italy). The samples were first ground
to a powder, and oven-dried at 105 ◦C for 4 h until constant weight, then an aliquot equal to 0.5 g
was weighed and placed in a muffle furnace at 600 ◦C for 12 h. After mineralization, the ashes were
dissolved in 4 mL of distilled water and 0.5 mL of nitric acid at 69.5% (Superpure; Merck, Darmastadt,
Germany). The solutions were poured into 50 mL flasks and brought to volume with distilled water
before the analyses.

Water activity (aw) was determined by a Hygropalm 40 AW (Rotronic Instruments Ltd., Crawley,
UK) according to the manufacturer’s instructions. Three bread slices (11 ± 1 mm thickness) were used,
after removal of the crust. For each set of determinations, separate loaves were used.

The moisture content of bread crumb was determined by oven drying at 105 ◦C until constant
weight, according to AOAC method no. 945.15 [45]. The pH was measured according to [46] using a
pH meter (Mettler Toledo, MP 220).

2.3. Texture Profile Analysis of Breads

The texture profile analysis (TPA) of bread was determined using a Universal testing machine
(model 3344, Instron, Norwood, MA, USA.) equipped with a cylindrical probe of 50 mm of diameter
and a 2000 N load cell. Data were acquired through Bluehill® 2 software (Instron, Norwood, MA, USA).
Cyclic compression tests (a 30-s gap between first and second compression) were set up: the crosshead
speed was 3.3 mm/s, the force required to compress the samples by 40% was recorded on 5-cm side
square portions of 24-mm thick slices, and the average value of five replicates was taken. The TPA
profile recorded four primary parameters: hardness (N), springiness (mm), resilience, gumminess, and
one derived parameters (chewiness, N mm).

2.4. HMF Extraction and HPLC Analysis

HMF was extracted and determined following the methodology proposed by [28]. Ground bread
samples (5 g; La Moulinette, Moulinex, 2002) and 25 mL of water (J.T. Baker, Deventer, Holland) were
put into a volumetric flask (50 mL) and stirred for 10 min. Then the sample was diluted up to 50 mL
with water (JT. Baker, Deventer, Holland) and centrifuged for 45 min at 5000 rpm. An aliquot of the
supernatant was filtered through a 0.45-μm filter (Albet) and injected into an HPLC system (Shimadzu
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Class VP LC-10ADvp) equipped with a DAD (Shimadzu SPD-M10Avp). The column was a Gemini NX
C18 (150 × 4.6 mm, 5 μm; Phenomenex) fitted with a guard cartridge packed with the same stationary
phase. The HPLC conditions were the following: isocratic mobile phase, 90% water (J.T. Baker) at
1% acetic acid (Merck), and 10% methanol (Merck); flow rate, 0.7 mL/min; injection volume, 20 μL.
The wavelength range was 220–660 nm, and the chromatograms were monitored at 283 nm. HMF was
identified by splitting the peak of the HMF from the bread-solution sample with a standard of HMF
(p > 98% Sigma-Aldrich, St. Louis, MO, USA) and by comparing the UV spectra of the HMF standard
with that of the bread samples. All analyses were performed in duplicate, including the extraction
procedure, and the reported HMF concentration was, therefore, the average of four values. The results
were expressed as mg of HMF per kilogram of dry matter.

2.5. Sensory Evaluation

The sensory profile [28,47] was defined by a trained [48] panel of 12 judges (six females and six
males, 28–40 years old). The judges, recruited for their individual abilities, had more than five years of
experience in the sensory analysis of bread and bakery products, and they were submitted to further
training over 4 weeks to generate attributes using handmade and industrial breads and to familiarize
themselves with the scales and procedures. The judges, using a discontinuous scale between 1 (absence
of the sensation) and 9 (extremely intense), have evaluated the intensity of the 11 sensory attributes
selected on the basis of frequency (≥60%), following the definitions given by [49–51] (Table 2).

Table 2. Descriptive terms used for sensory profiling of bread.

Attributes Definition Scale Anchors

Crumb appearance Crumb color Color intensity of crumb Whitish Light yellow

Alveolar structure Porosity of crumb Fine and uniform Coarse and poorly
homogeneous

Visual-tactile
Elasticity Ability of the crumb to recover from

compression exerted by fingers
Slow and

partial recovery
Fast and

complete recovery

Humidity Humidity perceived at the surface of
bread crumb Dry Humid

Aroma/Flavor

Bread The typical aroma/flavor of bread just
taken out of the oven Weak Strong

Yeasty The aroma/flavor of a
fermented yeast-like None Strong

Wheat The typical aroma/flavor of wheat None Strong

Off-odour/
Off-flavour

Aroma/Flavor unpleasant, not
characteristic of bread perceived

through taste and smell
when swallowing

None Strong

Taste

Sweet A basic taste factor produced
by sugars None Strong

Salty A basic taste factor produced by
sodium chloride None Strong

Sour A basic taste factor produced by acids None Strong

Bitter A basic taste factor produced
by caffeine None Strong

Mouthfeel Astringent
Sensory perception in the oral cavity
that may include drying sensation

and roughing of the oral tissue
None Strong

Texture Softness Force required to compress the
product with the molars Hard Soft

Overall evaluation An overall assessment expressed by
considering all of the attributes Low High

The evaluation sessions, performed at 0, 15, 30, 60, and 90 days of storage, were conducted in the
sensory laboratory [52] of Di3A (University of Catania, Italy) from 11:00 a.m. to 12:00 a.m. in individual
booths illuminated with white light. The sliced bread samples were served on plates, coded with
three-digit numbers, and water was provided to judges for rinsing between samples. The order
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presentation was randomized among judges and sessions using a randomized complete block.
All data were acquired by a direct computerized registration system (FIZZ Biosystems. ver. 2.00 M,
Couternon, France).

2.6. Statistical Analysis

The statistical analysis was performed using the Statgraphics® Centurion XVI software package
(Statpoint Technologies, INC.). A two-way analysis of variance (ANOVA), followed by Tukey’s HSD
test (p ≤ 0.001; p ≤ 0.01; p ≤ 0.05), was carried out on physico-chemical and textural attributes. The data
were expressed as means ± standard deviations. The sensory data for each attribute were submitted to
one-way ANOVA. The significance was tested by means of the F-test. A principal component analysis
(PCA) was performed using PAST, Paleontological Statistics software package, 2011 [53].

3. Results and Discussion

3.1. Physico-Chemical and Rheological Characterization of the Durum Wheat Remilled Semolina

Physico-chemical characteristics of remilled semolina were moisture 13.8 ± 0.07 g/100 g,
protein 12.2 ± 0.10 g/100 g, and ash 0.87 ± 0.01 g/100 g. These quality parameters met the Italian legal
requirements [54]. Particle size distribution was >300 μm: 11.0 ± 1.73 g/100 g; between 200–300 μm:
26.3 ± 1.15 g/100 g; between 180–200 μm: 22.0 ± 2.00 g/100 g; between 160–180 μm: 20.0 ± 1.00 g/100 g;
<160 μm: 20.7 ± 4.04 g/100 g. These findings agreed with those reported by other authors for remilled
semolina [39]. Dry gluten content was 10.0 ± 0.1 g/100 g. The gluten index value was 80.7 ± 4.0, and the
value of amylase activity at the falling number was low (577 ± 3.0 s). Regarding dry gluten content
and relative qualitative index, the sample exhibited regular gluten quantities and high gluten tenacity.
Similar values were reported by [28,39,55].

As regards color parameters, the values were lightness (L*) 71.0 ± 0.3, red index (a*) 2.12 ± 0.02,
yellow index (b*) 18.52 ± 0.05.

Rheological behavior was ev ergy (W) was 209 ± 4 10−4 × J, while the tenacity/extensibility (P/L)
value showed a tenacious dough (value = 2.5). Strong gluten is expected in remilled durum wheat
semolina [24].

Mixing behavior was evaluated by a farinograph apparatus. The semolina sample indicated the
quantity of water absorbed at 500 BU (Brabender Unit), and the dough consistency was 60.6 ± 0.04%
due to high protein content. The values of dough development time (1 min, 48 s ± 3.0 s), dough
stability (4 min ± 12 s), and softening index (58 ± 1 BU) agreed with those reported by other authors on
remilled semolina [28,38,39,55].

3.2. Sodium Content in Bread

The levels of the two salts used in the loaves, the sodium content, and the minimum limits
established by EU regulations [20,21] applying to nutritional claims are shown in Table 3.

Table 3. Percentage of two salts in bread, sodium content and limits established by EU regulations [21,22]
(data are means ± standard deviations).

Type
Salt in Experimental

Bread (%)
Na+ Content (g/100 g)

Regulations (EU) No. 1924/2006
and No. 1047/2012—Nutritional Claims

Control A 1.22% Traditional sea salt 0.430 ± 0.014A -
Control B 1.22% Saltwell® 0.240 ± 0.014B -

1A 0.25% Traditional sea salt 0.087 ± 0.001C 0.12 g of Na+—low in sodium
1B 0.25% Saltwell® 0.064 ± 0.001C 0.12 g of Na+—low in sodium
2A 0.11% Traditional sea salt 0.048 ± 0.001C -
2B 0.11% Saltwell® 0.035 ± 0.000C 0.04 g of Na+—very low in sodium

Different capital letters in the same column indicate significant difference (p ≤ 0.001).
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3.3. The Quality Parameters of Breads and Their Evolution during Storage

The p-values for all the physical and textural parameters of the bread types with respect to storage
time are reported in Table 4.

The specific volumes and weights of the loaves were significant for each of the two factors of
variability (type (A), storage time (B), and their interaction (A × B), even with different p levels (p ≤ 0.001
for storage time, p ≤ 0.01 A × B interaction, and p ≤ 0.05 per type; see Table 4).

The results of the physical and textural properties of the industrial breads in the MAP conditions
during 90 days of storage are shown in Tables 5 and 6.

No significant differences in specific volumes were shown among the bread samples, regardless of
the type and level of sea salt (Table 4).

These findings agree with those reported by [23], but they disagree with those reported by [24].
Additionally, no significant differences in specific weight were observed among the controls and other
bread samples or during storage time. The addition of different types and quantities of sea salt did not
decrease bread yield. After 60 days of storage, the specific weight decreased.

The ratio between the height and diameter of the loaves used in the baking industry to parametrize
possible dough failure was significant (p ≤ 0.001) for all the factors and their interaction (Table 4).
At time 0, control A was found to have the greatest h/d ratio (approximately 4.5) due to the addition
of ordinary sea salt (Table 5). The other bread samples, as expected, showed a lower ratio during
storage, especially the bread samples containing less traditional sea salt and sea salt with reduced Na+.
These findings agree with those reported by [28].

Significant differences were found for loaf porosity among the types (p ≤ 0.001) and the A × B
interaction (p ≤ 0.05), but not for storage time (B) (Table 4). After baking (t0), almost all the types,
except for 2B, showed proper development of crumb porosity. Starting from 15 days of storage,
the performance of 2A also slightly decreased (Table 5).

Significant differences were found between the types (p ≤ 0.001) and storage times (p ≤ 0.01 and
p ≤ 0.001, respectively) but not for A × B interaction as regards internal structure and top crust thickness
(Table 4). As for internal structure, only control A had an irregular structure over the whole storage
time. Similar results were reported by [28].

As for top crust thickness, for up to 30 days of storage, no remarkable differences were recorded
among the types (mean value of 3.8 mm); after 60 days, the values decreased up to 2.67 mm for
control B.

No significant difference was highlighted for basis crust thickness between the types, the different
storage times, and their interactions (Table 4). Almost all the bread samples exhibited a mean value of
basis crust thickness of 4 mm. These findings agree with those reported by [28].

Three of the five parameters of texture profile analysis (hardness, gumminess, and chewiness) were
always significant (p ≤ 0.001), while resilience and springiness were significant per type and storage
time (p ≤ 0.001), but not for A × B interaction (Table 4). The two control breads (1A and 1B), as expected,
showed lower values for the first three parameters. Starch retrogradation (i.e., the recrystallization of
polysaccharide in gelatinized starch) is believed to be the main cause of crumb firmness change during
storage [56].

Textural data highlighted high values of hardness, with significant differences among the samples,
as reported by [39], and storage time (Table 6).

The hardness values, as expected, increased as the storage period progressed. As regards the
bread samples, control A reported the lowest values during the entire storage period. Up to t30, the two
controls, albeit with statistically different values, recorded the lowest hardness values. From t60,
the control A values remained low, while the control B values increased until reaching about 55 N at
the end of storage.
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No significant differences in springiness or resilience were shown among the bread samples and
during the storage times, whatever the type and level of salt (Table 6). Up to 30 days of storage,
no remarkable differences were recorded among the breads (mean value of 5.7 mm); after 60 days,
the values of springiness increased by up to 7.0 mm. These findings do not agree with those reported
by [39].

As for resilience, the average value was around 0.80. During the entire storage period, the two
controls showed higher resilience values. From the end of the baking to the end of storage,
resilience values decreased slightly. These findings agree with those reported by [39].

With regard to gumminess and chewiness, they increased progressively with increasing storage
times and with decreasing salt content, regardless of type, until they reach the maximum at t90 for 2B
(58.0 and 426.0). During the entire storage time, the two controls always showed the lowest values,
and were similar to each other, except for t90.

Water activity (aw) and moisture content were significant compared to all the factors of variability
(Table 7). As for pH and HMF, they were significant compared to all the factors of variability (p ≤ 0.001;
Table 7).

Table 7. Analysis of variance of the chemical and color parameters studied on the loaves (p-values).

Factors of Variability Degrees of Freedom
aw Moisture pH HMF Crumb Crust

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

Type (A) 5 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000
Storage time (B) 4 0.000 0.032 0.000 0.000 0.020 0.000 0.000 0.009 0.000 0.116

A × B 20 0.000 0.000 0.000 0.000 0.011 0.033 0.069 0.002 0.007 0.133

Crumb lightness and redness were significant compared to all the factors of variability.
Crumb yellowness was significant for bread (A) and storage time (B) (p ≤ 0.001) but not for their
interaction (A × B) (Table 7). The effect of the addition of sea salt with reduced Na+ on the L* parameter
of crumb during the entire time storage was not significant (Table 7).

Chemical properties of the breads during the storage time are reported in Table 8.
Crumb aw is an important parameter of food processing and conservation technologies that comes

into play for food stability and safety. It indicates the amount of free water not linked by bonds with
the soluble constituents of the food, i.e., the water that can participate in chemical, physical, biological,
and enzymatic reactions.

In general, water activity is a relatively easy parameter to measure, which can be an advantage,
especially in the food industry [57].

The aw value ranged from about 0.88 for Control A at t90, to 0.93 for 2A at t0 (Table 7). Similar values
have been reported by [55].

After baking, and up to t15, there is no difference among the breads. From t30, water activity
decreases for both controls. From t60 to the end of storage, aw decreases slightly for all the types.
At t90, only the aw value of Control A is lower than the other types. Moisture content ranged from
about 35.5–38.4% at the beginning (Table 8). Bread samples containing natural low Na+ sea salt
show the highest moisture content, and significant differences were found between all the breads.
During storage, the breads with NaCl generally show the highest levels of moisture, and at 90 days of
storage, the moisture content decreased, ranging from 35.3–32.4%. No significant differences were
found between control B and samples 1B (1.22% and 0.25% Saltwell®) and the bread samples with the
lowest levels of salt (2A and 2B).

The pH ranges from 5.36 to 5.93 at the beginning; at 90 days of storage, it ranges from 5.73 to 5.82
(Table 8). The variability seems to be more related to the storage time rather than to the different levels
and salts used in the recipe. Similar trends were reported both for durum wheat bread with yeast
extract and fortified with fiber [28,50].

288



Foods 2020, 9, 752

Table 8. Evaluation of the chemical characteristics of the bread samples produced using different types
and levels of sea salt during storage (data are means ± standard deviations).

Days of Storage Type aw Moisture (%) pH HMF (mg/kg Dry Matter)

0 Control A 0.92 ± 0.00 abc 35.5 ± 0.07 n 5.65 ± 0.01 i 28.9 ± 1.73 fghi
Control B 0.92 ± 0.00 a 37.1 ± 0.02 g 5.81 ± 0.00 efg 32.6 ± 2.18 de

1A 0.92 ± 0.00 ab 36.1 ± 0.05 l 5.88 ± 0.01 cde 34.3 ± 1.40 cd
1B 0.92 ± 0.00 ab 38.4 ± 0.04 b 5.94 ± 0.01 abc 38.2 ± 1.19 b
2A 0.93 ± 0.00 a 35.8 ± 0.07 m 5.36 ± 0.00 l 39.2 ± 2.81 b
2B 0.92 ± 0.00 a 36.7 ± 0.07 h 5.93 ± 0.02 abc 23.0 ± 1.07 mnopqr

15 Control A 0.91 ± 0.00 bcdef 36.6 ± 0.02 hi 5.80 ± 0.00 g 37.6 ± 0.58 bc
Control B 0.92 ± 0.00 abcde 35.7 ± 0.08 mn 5.88 ± 0.01 cdef 29.2 ± 0.51 efgh

1A 0.92 ± 0.00 abcd 39.5 ± 0.04 a 5.92 ± 0.01 abc 30.3 ± 0.98 efg
1B 0.92 ± 0.00 abcd 37.9 ± 0.06 cd 5.93 ± 0.02 abc 30.8 ± 1.61 def
2A 0.92 ± 0.00 abcd 37.12 ± 0.04 g 5.92 ± 0.01 abc 29.2 ± 0.64 efgh
2B 0.92 ± 0.01 abcd 36.7 ± 0.08 h 5.96 ± 0.01 ab 27.9 ± 1.37 fghij

30 Control A 0.91 ± 0.00 defgh 35.9 ± 0.04 lm 5.73 ± 0.01 h 24.9 ± 0.27 jklmnop
Control B 0.91 ± 0.01 cdefg 35.8 ± 0.02 m 5.78 ± 0.00 gh 21.0 ± 0.14 qr

1A 0.92 ± 0.00 abcd 37.7 ± 0.05 de 5.99 ± 0.04 a 21.5 ± 0.03 pqr
1B 0.92 ± 0.00 abcde 36.4 ± 0.07 i 5.88 ± 0.02 cdef 24.1 ± 1.14 lmnopqr
2A 0.92 ± 0.00 abcd 37.3 ± 0.04 fg 5.84 ± 0.02 defg 37.8 ± 0.09 bc
2B 0.92 ± 0.00 abcd 35.9 ± 0.03 lm 5.93 ± 0.02 abc 16.3 ± 0.03 s

60 Control A 0.90 ± 0.00 j 37.3 ± 0.07 fg 5.82 ± 0.03 efg 45.8 ± 0.07 a
Control B 0.90 ± 0.00 ghij 35.0 ± 0.02 p 5.81 ± 0.01 fg 22.4 ± 0.20 nopqr

1A 0.91 ± 0.00 efghij 37.5 ± 0.16 ef 5.83 ± 0.01 efg 27.7 ± 0.05 fghijk
1B 0.91 ± 0.00 efghij 38.1 ± 0.06 c 5.78 ± 0.01 gh 26.0 ± 0.15 hijklm
2A 0.91 ± 0.00 defghi 36.1 ± 0.02 l 5.83 ± 0.00 efg 25.0 ± 0.03 jklmno
2B 0.91 ± 0.00 defgh 38.1 ± 0.08 c 5.91 ± 0.01 bcd 26.8 ± 0.08 ghijkl

90 Control A 0.88 ± 0.01 k 34.8 ± 0.06 p 5.73 ± 0.04 h 25.5 ± 0.13 ijklmn
Control B 0.90 ± 0.00 ij 34.2 ± 0.02 q 5.81 ± 0.01 fg 24.2 ± 0.30 klmnopq

1A 0.90 ± 0.00 hij 35.3 ± 0.07 o 5.78 ± 0.00 gh 20.6 ± 0.13 r
1B 0.90 ± 0.00 fghij 34.2 ± 0.01 q 5.82 ± 0.08 efg 22.6 ± 0.03 mnopqr
2A 0.90 ± 0.00 fghij 32.4 ± 0.04 r 5.80 ± 0.01 gh 21.5 ± 0.27 opqr
2B 0.90 ± 0.00 fghij 32.4 ± 0.01 r 5.82 ± 0.00 efg 21.8 ± 0.00 opqr

Different letters in the same column indicate significant difference (p ≤ 0.01).

HMF is a widely used compound as heat induces the chemical index generally used for monitoring
thermal abuse [58–61]. In bread and in other baking products, HMF is used to monitor the heating
process, and several factors influence its formation, such as manufacturing conditions and recipe [57–59].
Even if the toxicity risk of HMF is still debated, nowadays, HMF is under evaluation as an emerging
ubiquitous processing contaminant since there is evidence to suggest that HMF and its metabolites
may have harmful effects on human health [60–63].

Among foods, coffee and bread contribute the most HMF exposure, about 85% of total intake [64].
The HMF parameter was significant compared to all the factors of variability (p ≤ 0.001; Table 7).

HMF levels at the beginning ranged from about 23 to 39 mg/kg of dry matter (Table 8), and significant
differences were found between all samples. These levels were lower than those reported for durum
wheat bread with KCl and taste enhancer [28], and it is known that differences in water content in the
leavening and/or baking time and the ratio between crumb and crust of the loaf could influence HMF
content [58]. Bread samples with the lowest levels of natural low Na+ sea salt (2 B) had the lowest HMF
content. During storage, a decrease in HMF amount was highlighted, though the trend in decrease was
not regular. Generally, the bread samples with the lowest levels of salt had the lowest HMF content
due to the effects of a high level of NaCl on starch degradation and yeast growth, resulting, in both
cases, in higher levels of Maillard indicators [65]. At 90 days of storage, this parameter ranged from
about 20.6 to 25.5 mg/kg of dry matter. The HMF trend during storage was similar to those reported
by [28,50], suggesting that HMF decrease is more related to storage time rather than recipe.

During storage, crumb redness in the traditional sea salt (control A) test slowly decreased. After t15,
the a* value begins to decrease for all breads (Table S1).
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3.4. Sensory Evaluation

The addition of different types and quantities of sea salt had little effect on the sensory characteristics
of the bread sample. Table 9 reports the ANOVA results of sensory data and the bread attributes,
which significantly differentiated at different p-levels (p ≤ 0.05; p ≤ 0.01; p ≤ 0.001), at each sampling.
Mean values were reported only for significantly different attributes.

Table 9. Influence of type of bread (6) on the attributes and mean scores of the significant sensory
attributes (comparison of formulations). Data expressed as means.

Days of Storage Attributes F Values
Type

Control A Control B 1A 1B 2A 2B

0 Salty 12.08 *** 4.2 b 4.3 b 1.6 a 1.6 a 1.6 a 1.5 a

15 Sweet 5.23 *** 2.9 a 3.0 a 4.3 ab 5.2 bc 5.8 c 5.0 bc
Salty 7.49 *** 4.4 b 4.1 b 1.9 a 1.9 a 1.4 a 1.7 a

Bread flavor 2.98 * 6.1 b 6.2 b 4.9 ab 4.1 a 4.6 ab 3.6 a
Overall evaluation 5.01 *** 6.5 b 6.3 b 4.1a 3.9 a 4.2 a 3.4 a

30 Sweet 5.30 *** 3.1 ab 2.8 a 4.3 abc 4.6 bc 6.4 d 5.3 cd
Salty 7.40 *** 3.9 b 4.2 b 2.4 a 2.2 a 1.6 a 1.7a

Bread flavor 2.45 ** 5.4 b 5.5 b 4.6 ab 3.8 ab 3.3 a 3.5 a
Overall evaluation 3.48 ** 5.8 b 5.7 b 4.6 ab 3.8 a 3.3 a 3.6 a

60 Sweet 3.25 * 2.9 a 3.4 a 4.1 ab 4.4 ab 5.6 b 5.0 b
Salty 9.45 *** 5.2 b 4.8 b 2.8 b 3.2 b 1.9 ab 1.3 a

Overall 3.17 * 5.4 bc 5.6 c 4.0 ab 4.3 abc 3.7 a 3.2 a

90 Sweet 6.45 *** 5.4 bc 5.6 c 3.8 ab 4.1 abc 3.5 a 3.3 a
Salty 12.45 *** 5.0 b 4.5 b 2.3 a 2.4 a 1.8 a 2.4 a

Overall evaluation 2.87 * 5.4 bc 5.6 c 3.8 ab 4.1 abc 3.5 a 3.3 a

Different letters in the same row indicate significant differences at p ≤ 0.05 *, p ≤ 0.01 **, p ≤ 0.001 ***.

At t0, the bread samples were evaluated similarly by panellists, with the exception of the “salty”
attribute. Obviously, the control breads (Control A and Control B) had the highest value of saltiness.

At 15 and 30 days of storage, the samples were significantly different for the attributes sweet, salty,
bread flavor, and overall evaluation. The 0.15 NaCl sample showed the highest intensity of sweet taste,
while the control samples, as expected, had the highest score of salt, bread flavor, and overall evaluation.

At 60 and 90 days of storage, the attributes of sweet, salty, and overall significantly differentiated
the bread samples. The 0.15 NaCl and 0.15 Saltwell® bread samples had the highest intensity of sweet
and the lowest of the attributes salt and overall. The control samples showed the highest intensity of
the attribute overall.

The different levels of sea salt did not influence the attributes of texture (i.e., softness), as reported
by [28].

Table 10 reports the sensory attributes which significantly differentiated (p ≤ 0.05) during the
90 days of storage.
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Table 10. Mean values of the significantly different sensory attributes (comparison during storage).
Three bread loaves were collected at each sampling.

Attribute Days of Storage Control A Control B 1A 1B 2A 2B

Elasticity

0
15
30
60
90

6.1 ab
7.5 b

6.5 ab
5.0 a
5.5 a

Humidity

0
15
30
60
90

7.2 b
6.7 b
4.3 a
4.4 a
4.8 a

6.5 b
6.1 b
5.6 b
3.8 a

5.2 ab

7.2 b
5.7 ab
5.1 a
4.0 a
4.4 a

Softness

0
15
30
60
90

6.5 bc
6.8 c

5.2 abc
4.4 a

4.9 ab

6.3 b
6.8 b

5.4 ab
4.2 a

5.4 ab

Different letters in the same column indicate significant difference at p ≤ 0.05.

Control A showed a significant decrease during storage but only for the attributes of humidity and
softness. At 0 and 15 days of storage, Control A had the highest intensity of these two sensory attributes.

Control B showed a significant decrease during storage for the attributes of elasticity, humidity,
and softness. These attributes began to decrease after 30 days of storage.

Sample 2A showed a significant decrease only for the attribute humidity, while bread samples 1A,
1B, and 2B did not show any significant differences during the 90 days of storage.

During storage, the bread samples did not develop off-odors or off-flavors in agreement with
those reported by [28].

3.5. Multivariate Statistical Analysis

Principal component analysis (PCA) is a multivariate analysis that allows the reduction and
interpretation of large multivariate datasets with some underlying linear structure. In this trial,
it was carried out to determine if and which salt (type and concentration) had an influence on
the qualitative and sensory traits of the breads. The PCA included the following 24 dependent
variables: specific volume, specific weight, h/d ratio, crumb porosity, hardness, gumminess, chewiness,
springiness, resilience, water activity, moisture, pH, HMF, acidity, and crust and crumb color parameters
(as L*, a*, b*, h, C).

The two main factors accounting for 56.92% of the total variance were PC1 and PC2 at 37.08% and
19.84% (Figure 1).

There are two types of trends on the first axis: (1) based on salt content, the groups shift from
the negative to the positive section, from the breads with minimum salt concentrations (2A and 2B),
to those with more (Control A and Control B) (Figure 1); (2) based on days of storage, from the longest
(t90) to the shortest (t0) (Figure 1). Convex hulls were used to highlight these trends. They can be
defined as the intersection of all convex sets containing a given subset of a Euclidean space. The convex
hull of a set of data is the smallest convex set that contains it.
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Figure 1. Principal component analysis (PCA) scatter diagram defined by the first two principal
components (i.e., PC1, PC2) and convex hulls for the measured physico-chemical and textural traits of
the breads, grouped by storage time.

The variables that determined these trends were resilience, crust color (as a*, C), h/d ratio, crumb
color (h), and moisture, which showed the highest positive loading values (0.272, 0.230, 0.227, 0.228,
0.218, and 0.209 respectively), chewiness, hardness, gumminess, and springiness, with the highest
negative loadings (−0.314, −0.311, −0.309, −0.263, respectively).

The groups also showed a gradient with respect to the days of storage, if PC2 is observed: from the
positive scores of the longer storage time to the gradually lower scores of the shorter ones (Figure 1).

The variables that positively correlated with PC2 were crust color parameters (L*, h, b*) and
moisture (loading values, 0.367, 0.334, 0.271, 0.292, respectively). Moreover, PC2 negatively correlated
with aw, specific volume, and crust hardness (−0.294, −0.266, −0.248, respectively).

In summary, sorting the data according to the first two axes distributes the groups in relation to
the lowest salt concentration with the maximum storage time, and so on, up to the breads with the
highest salt concentrations with the shortest storage times.

PCA loadings did not have the necessary strength to affect the net separation of groups, but this
seems to support the hypothesis that the different breads and salt concentrations do not lead to
substantial differences in the overall qualitative characteristics and acceptability of the product.

4. Conclusions

The results of this study showed that replacing traditional sea salt with Saltwell® in durum wheat
bread is a possible strategy for reducing sodium intake while maintaining the quality and sensorial
characteristics of the bread.

There were no significant differences in the specific volume and bread yield among bread samples
and during storage times, regardless of the type and level of sea salt used. The textural data showed
high hardness and chewiness values, with significant differences between samples and storage times.

Sensory data showed that the different levels of sea salt did not influence the attributes of softness.
Principal component analysis (PCA) seems to support these findings since, overall, the parameters

analyzed were unable to differentiate groups effectively.
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Natural low sodium sea salt has made it possible to obtain durum wheat bread with the nutritional
claim “low in sodium” (<0.12 g/100 g) and/or “very low in sodium” (<0.04 g/100 g) on food labels,
in accordance with EU regulations [20–22]. However, the breads showed good taste and flavor.

These results should encourage the opportunity to produce low-sodium or very low-sodium bread
because of consumers’ increasing interest in durum wheat bread in accordance with the guidelines for
a healthy diet.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/6/752/s1,
Table S1: Colour parameters of the bread samples produced using different types and levels of sea salt during
storage (data are means ± standard deviations). Three bread loaves were collected at each sampling..
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