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Purpose: Nowadays, the promotion of a circular economy is fundamental to reduce food losses and waste. In this context, the possibility of using food supply chains non-compliant residues emerges. Much interest has been directed toward legume residues, in general and, in particular, to the possibility of combining different plant-matrices to improve nutritional profile, providing high-quality products.

Methods: Five different formulations of breads, with a combination of seeds and cereals, were fortified with chickpea and pea protein concentrates. Samples were analyzed and compared with their relative control recipe to determine differences in composition, actual protein quality and integrity, and protein digestibility (performed with the INFOGEST method).

Results: Samples showed a clear improvement in the nutritional profile with higher values of proteins, from averagely 12.9 (control breads) to 29.6% (fortified breads) (17.7–24.7 g/100 g of dry matter respectively), and an improvement in amino acidic profile, with a better balancing of essential amino acids (lysine and sulfur amino acid contents), without affecting protein integrity. Regarding in vitro gastro-intestinal digestibility, sample C (19% chickpea proteins) showed the best results, having a comparable protein digestibility to its control bread—48.8 ± 1.1% versus 51.7 ± 2.3%, respectively.

Conclusion: The results showed how the fortification with chickpea and/or pea protein concentrate improved the nutritional profile of bread. These prototypes seem to be a valid strategy to also increase the introduction of high biological value proteins. Furthermore, the not-expected lower digestibility suggested the possible presence of residual anti-nutritional factors in the protein concentrates interfering with protein digestibility. Therefore, it seems of fundamental importance to further investigate these aspects.
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1 Introduction

The growing concern of consumers for topics such as sustainability and health led food companies to search for new protein sources that can partially or totally substitute animal ones. The biological value of proteins is an important parameter for the classification of protein sources and is evaluated based on the composition of essential amino acids in relation to human needs and the ability of the protein to be digested, absorbed, and retained by the body (1). On one hand, animal proteins ensure a high biological value due to the high presence of essential amino acids and good digestibility, and on the other hand, intensive farming practices bring different problems that are no longer sustainable. This impact on the environment forces to switch toward increasingly plant-based diets (2, 3).

In this scenario, legumes represent a good protein source. Legumes, also called pulses, are characterized by more than 750 genera and 16,000–19,000 species (4). They are well known for their good nutritional values, showing a good protein content and amino acidic profile (4). In particular, legume content in protein varies from species to species (i.e., peas, beans, chickpeas, lupin, and lentils), ranging from 17 to 46% (5). Their consumption, particularly estimated to a pulses median daily consumption of 52.1 g in the population under investigation, is associated with health benefits such as the increase in satiety, decrease of the post-prandial glycemic index and level of cholesterol, and prevention and/or control of diet-related chronic diseases (i.e., type II diabetes, cardiovascular diseases, and cancer) (6).

Legumes are second only to cereals as a crop worldwide, with peas, chickpeas, lentils, and beans as the most consumed (7). Furthermore, they bring the environmental advantage of having a low impact in terms of CO2 emissions and water consumption (4, 8). However, not all the legumes produced worldwide are used for food. Indeed, a portion that ranges from 5 up to 25% of the legumes produced is destined as food waste (9). In particular, from 0.13 million tons of chickpeas and 0.93 million tons of peas harvested per year, averagely 13,000 and 116,000 tons per year are, respectively, wasted even if still usable (10). Usually, these products are wasted for being non-compliant. For this reason, they can be still considered a good source of nutrients such as proteins but also fibers, lipids, and micronutrients (9).

Nevertheless, plant-based proteins are associated with a low biological value and a lower accessibility of proteins (1, 11, 12). There is, however, the possibility of combining different plant-protein sources in order to rebalance the amino acid profile, especially essential amino acids. Indeed, fortified foods play a key role. A fortified food is defined as a food that is added with macronutrients and/or micronutrients through specific technological strategies to enrich its nutritional profile (13). It is a viable technology to reduce malnutrition, both in the case the access to food is limited and also if existing food supplies fail to provide adequate levels of some nutrients in the diet, without drastically changing the usual diet (14).

Bread is a widespread food worldwide, with different formulations depending on the area. It is in itself a food with high energy content and, in particular, carbohydrates, so it lends itself well to fortification with protein-based products (4). The addition of legume flours to bread formulations showed an increased nutritional value of the fortified products (9).

An important nutritional limitation of bread is lysine deficiency (which is an essential amino acid), and the addition of legumes (rich in lysine) to the product could be a valid alternative, more eco-sustainable than animal proteins, to balance the amino acid profile of bread (15, 16). Indeed, the possibility of combining cereal-based with legume-based proteins can have a positive impact on the consumption of high biological value vegetable proteins in the diet (4). Pulses are, indeed, rich in aspartic acid, glutamic acid, leucine, and, especially, lysine but are generally lacking in sulfur amino acids and tryptophan (17). In particular, chickpea are rich in glutamic acid but also in aspartic acid and arginine while are lacking in sulfur amino acids (17). Peas, on the other hand, have a higher variability depending on the ratio between albumins and globulins (influenced by the variety). Generally varieties that are more abundant in albumins are characterized by a higher presence of lysine, sulfur amino acids, threonine, and tryptophan. On the contrary, varieties with greater amounts of globulins are richer in arginine, isoleucine, leucine, and phenylalanine but lack more in sulfur amino acids (17).

Despite what was said above, the high nutritional potential of legumes is often limited by the presence of anti-nutritional factors. This can interfere with the bioaccessibility and digestibility of nutrients, in particular proteins (18, 19). Anti-nutritional factors can be distinguished depending on whether they are protein- or non-protein-based anti-nutritional factors. In particular, non-protein anti-nutritional factors, such as tannins, raffinose, and saponins, can affect the bioaccessibility of some compounds (i.e., iron) or cause damage to the intestinal walls (20, 21), while protein-based anti-nutritional factors, such as lectins, trypsin, chymotrypsin, and amylase inhibitors, can interfere with the action of digestive enzymes, thus leading to reduced digestibility of nutrients (22). Therefore, this study aims to investigate the possible use of protein concentrates, extracted from food wastes (pea and chickpea), in the fortification of different formulations of bread. The authors proceeded with the formulation of various products which were then tested in order to evaluate whether actual use was a valid option to allow the improvement of the nutritional profile of these foods and evaluate the effect of fortification on the protein digestibility of such products.



2 Materials and methods

The prototypes of fortified breads analyzed for this study were developed within the European project PROLIFIC (BBI-HORIZON 2020) entitled “Integrated cascades of processes for the extraction and valorization of proteins and bioactive molecules from legumes, fungi, and coffee agro-industrial side streams.” This project was carried out with the aim of obtaining protein fractions from industrial residues that can be used in various fields, including the food sector, such as fortifying agents in different food systems.


2.1 Raw materials

Chickpeas (Cicer arietinum L., Pascià variety) and peas (Pisum sativum, green pea) non-compliant residues were provided by Conserves France (Saint Sylvestre sur Lot, France), and they were sampled both at their French and/or Italian production plants. In particular, chickpeas were harvested in 2018 in Italy and were discarded at selection, after harvesting in the field, due to shape/color defects, while peas were harvested in 2018 in Italy and France and were discarded after blanching process from different companies due to shape/color defects. Production of protein concentrates (60% of protein content) from legumes non-compliant residues was performed by Direct Aqueous Extraction (DAE), as described by Prandi et al. (9), using food wastes as raw materials. In particular, the DAE method was based on the protocol developed by the “Stazione Sperimentale per l’Industria delle Conserve Alimentari” (SSICA) (9). In brief, the extraction was carried out using phosphate buffer (0.05 M Na3PO4 and 0.1 M NaCl) at pH 7.2 and added in 1:2 ratio to the matrix. The extraction was carried out under continuous stirring at room temperature for 3 h. The protein fraction solubilized was then recovered using a decanter. Finally, the proteins were precipitated by acidification at their isoelectric point (pH 4.5) by the addition of 0.1 N HCl and separated from the supernatant by a centrifugation step. The pellets obtained were then freeze-dried in order to obtain the protein concentrate. In the evaluation of the process, the integrity of the proteins, evaluated as DH% and D%, was highly regarded. The protein extracts thus obtained were intended for use as ingredients for new formulations. It was therefore considered important to evaluate the nutritional profile of the final products.



2.2 Definition of bread formulations

The samples were produced by the Stolzenberger Bäckerei (Germany) using pea and chickpea-based protein concentrates as fortifying agent. For the purposes of the study, five different formulations of fortified breads, with the respective control breads, were developed and studied. The samples, as shown in Table 1, were formulated adding 19% pea protein isolate (N = 2), 19% chickpea protein isolate (N = 2), and a 16% mixture of pea and chickpea (in 50:50 ratio) protein isolate (N = 1) to different recipes of breads.



TABLE 1 Definition of control and fortified bread formulations.
[image: Table1]



2.3 Recipe development and baking process

The main objective was to generate artisan-baked goods, having the main product claim “high-protein content.” Therefore, the amount of plant-based proteins added to the samples was chosen to be 19% for chickpea protein and pea protein and 16% for the mixture of them to obtain final products with the 20% of the energy value provided by protein, following current EU legislation (Council Regulation (EC) 1924/2006) (23). The prototypes have been generated after pre-prototype optimizations previously tested. The aim was to optimize the processing conditions by following sourdough technology steps and applying slow baking principle, whereas the intention was not to alter the techno-functional properties of protein and other ingredients used for fortification of the baked goods. For the sourdough production, the “BÖCKER Reinzucht-Sauerteig” (with main lactic acid bacteria contained being L. sanfranciscensis) starter culture (Ernst Böcker GmbH Co. & KG, Minden, MI, Germany) was used. Specifically, 1 kg of starter culture has been mixed with 10 kg of the respective flour, and 10 L of water has been added. The “BÖCKER Reinzucht-Sauerteig” starter culture has been used fresh, and the temperature of the sourdough has been set to 28°C, which has been kept for a fermentation time of 15 h. For which concern the fermentation conditions, at the beginning of the sourdough fermentation, a temperature of 28°C has been set and has been kept until the sourdough fermentation was finished. Another aim was to reduce the gluten in the products, which became possible by increasing the level of protein ingredients in the products, using also as bulk base minor cereals and seed ingredients.

Standard baking equipment and machinery has been deployed, including: kneaders—a Diosna SP 160 spiral kneader (Dierks, Osnabrück, OS, Germany) for the sourdough and a Pietroberto Fast 80 spiral kneader (Pietroberto SRL - Piovene Rocchette, VI, Italy) for product kneading—, baking forms, dough rest in proofing chambers (Bongard, Holtzheim, Bas-Rhin, France), and finally slow-baking in MIWE—Roll In baking ovens (Miwe GmbH, Arnstein, MSP, Germany). However, production conditions have been adjusted in order to be able to profit from the advantages of sourdoughs, as shown in Supplementary Figure S1, such as sourdoughs, pre-doughs, and sourdough-starters.

Several recipes have been subjected to baking optimization trials. Following technology transfer procedures, the best performing ones have been selected, improved, and validated. Final recipes are shown in Table 1. All the breads were made of spelt wholemeal flour and sourdough and added with cereals, seeds, and nuts. The only sample having egg as ingredient was sample E.

After recipe formulation, the bulk ingredients (wholemeal flour, water) have been mixed with the food-grade additives (e.g., yeast, salt, oil, eggs, PROLIFIC protein extracts, and different seeds). The technological procedures consisted of kneading, dough rest, followed by processing into bread forms and rest in the fermentation chamber at high chamber humidity. Doughs have also rested overnight using the slow baking method (reduced yeast or only made with sourdough) and baked the next day. The baking process was non-linear, meaning first phase with higher temperatures, with automatic temperature drop to lower ones. During the baking process, steam has also been added automatically.

Since water absorption and baking quality vary even within the sourdough conditions, thus an adjustment of dough yield has been performed in order to obtain balanced crumb/crust ratios (Supplementary Figure S2).

In general, modified standard baking trials were carried out as closely as possible to the baking test developed by the Max Rubner Institute (MRI) for wholemeal flours. The baking trials were performed in loaf pans with a significantly greater amount of dough using conventional technology (laboratory kneader and manual preparation). All the samples underwent the same baking conditions at 230°C for 30 min. The advantage of this baking is that it incorporates a greater quantity of water (flour–water ratio) into the recipe.



2.4 Proximate analysis


2.4.1 Dry matter

The dry matter was estimated following a standard procedure (24), placing 1 g of each bread at 104°C in a 1,060 ventilated oven (Memmert GmbH, Schwabach, SC, Germany) until weight stability (approximately 23 h). The analysis was conducted in duplicate.



2.4.2 Ashes

Ashes were determined following a standard procedure (25), placing 1 g of each bread in proper crucibles at 550°C in a muffle-type furnace until completely incinerated (approximately 5 h). The analysis was conducted in duplicate.



2.4.3 Protein

Total nitrogen content was determined performing the Kjeldahl method according to the European Regulation (UE) n. 152/2009 (26) using a DK 8 digestion unit and a UDK semi-automatic distillation unit (VELP Scientifica S.r.l., Usmate Velate, MB, Italy). In brief, 1 g of sample was digested with 17 mL of sulfuric acid 96%, copper(II)oxide, 1 tablet of catalyst, and 1 tablet of defoamer (VWR International S.r.l., Radnor, PA, United States) for 1 h at 420°C. Samples were then distilled with 32% NaOH (Sigma–Aldrich Co., St. Louis, MO, United States), and ammonia was collected in the toning solution—4% borate acid, methyl red, and bromocresol green 1 (mg/ml in methanol) (Sigma–Aldrich Co., St. Louis, MO, United States). The titration was performed using 0.1 N HCl (PanReac AppliChem, Darmstadt, DA, Germany). Being the samples made of a mixture of different protein containing ingredients, the standard conversion factor of 6.25 was used for the calculation of the total protein content (27). The analysis was conducted in duplicate.



2.4.4 Total fat

Total fat content was estimated with the Soxhlet method following the AOAC standard procedure (28) using a SER 148/3 semi-automatic Soxhlet extractor (VELP Scientifica S.r.l., Usmate Velate, MB, Italy) and diethyl ether (Millipore Corporation, Burlington, MA, United States) as extraction solvent. The analysis was conducted in duplicate.



2.4.5 Fibers

Total dietary fibers (soluble and insoluble) were determined following the AOAC standard procedure (29). The analysis was conducted in duplicate.



2.4.6 Salt

The salt content was estimated from the recipe.



2.4.7 Total carbohydrates

Total carbohydrates were calculated as a difference by the rest of the nutrients following the equation below:

[image: image]

where TC stands for the total carbohydrates, W for water, A for ashes, TF for total fat, F for fiber, and P for protein.




2.5 Protein identification


2.5.1 Extraction of proteins and quantification

The protein fraction of samples was extracted adding 1 mL of extraction buffer (4 M urea, 100 mM NH4HCO3, and 5 mM DTT) to 100 mg of sample. Samples were extracted for 90 min at room temperature under agitation (30). After extraction, samples were centrifuged (20,817 g, 4°C, 15 min), and the supernatant was filtered with 45 μm nylon filters.

The protein content of the clear supernatants was estimated using a Qubit Fluorometer™ with the Quant-iT Protein Assay Kit (Invitrogen, Carlsbad, CA, United States), following the guidance material.



2.5.2 SDS-PAGE analysis

The electrophoretic separation on polyacrylamide gel was performed using a Criterion XT Bis-Tris Gel at 10% (BIO-RAD, Hercules, CA, United States). The procedure was carried out as described by Prandi et al. (9). In brief, the volume corresponding to 40 μg of protein, estimated with Qubit Fluorometer™, for each sample was transferred to suitable Eppendorf tubes. Samples were dried under nitrogen, reconstituted with 25 μL of sample buffer—17.5 μL water, 6.25 μL buffer 6x, and 1.25 μL reducing agent 2x (BIO-RAD, Hercules, CA, United States)—and thermocycled for 5 min at 95°C. After cooling down to room temperature, samples and protein marker (Standard Precision Plus ProteinTM - BIO-RAD, Hercules, CA, United States) were loaded onto the gel. The run was set at 150 V for 45 min using a PowerPac™ universal power supply (BIO-RAD, Hercules, CA, United States). Finally, gel was colored with a staining solution—50% water, 40% methanol, 10% glacial acetic acid, and 1 g/L Coomassie Brilliant Blue—and destained with consequential washing with destaining solution—50% water, 40% methanol, and 10% glacial acetic acid. The gel was scanned using a GS-800 calibrated imaging densitometer (BIO-RAD, Hercules, CA, United States).

The identification of proteins was then performed for comparison with the literature (9).




2.6 Amino acidic profile


2.6.1 Total amino acid determination

The determination of total amino acids was performed, as described by Prandi et al. (9), with an acid hydrolysis. In brief, 500 mg of sample was weighted in Pyrex glass tubes with teflon-lined screw caps, added with 6 N HCl, and hydrolyzed for 23 h at 110°C. After the hydrolysis, samples were cooled at room temperature, added with 0.75 mL of internal standard (nor-leucine 50 mM in 0.1 N HCl), and filtered. The clear solutions were brought to 250 mL with MilliQ® water (Millipore Corporation - Burlington, MA, United States). For the determination of cysteine and methionine, a pre-oxidation is needed. For this reason, prior to the acid hydrolysis, samples for the determination of these two amino acids were added with 2 mL of performic acid freshly prepared (performic acid 95% and H2O2 in ratio 90:10). After 16 h at 0°C, the reaction was stopped with the addition of 0.3 mL of bromidic acid, and samples were flushed with nitrogen. When dried, samples underwent the acid hydrolysis. The analysis was conducted in duplicate.

For the determination of a calibration, standard solution was made mixing a 2.5 mM standard mixture of amino acids (Thermo Scientific, Waltham, MA, United States) with a mixture of amino acids, 2.5 mM each (nor-leucine, cysteic acid, and methionine sulfone), in a ratio of 1:1. By sequential dilution, the different concentration points were obtained: 1.25 mM, 0.625 mM, 0.3125 mM, 0.156 mM, and 0.078 mM.

Hydrolyzed samples and standards were derivatised using the AccQ-Fluor reagent kit (Waters, Milford, MA, United States) and kept for the further analysis.



2.6.2 Tryptophan determination

The tryptophan determination was performed with an alkaline hydrolysis as described by Cutroneo et al. (30). In brief, 0.15 g of sample was weighted in Pyrex glass tubes with Teflon-lined screw caps and added with 4 N NaOH and 0.15 mL of internal standard (α-methyl-tryptophan 50 mg/100 mL in deionized water). The hydrolysis was performed at 100°C for 6 h, and samples were then cooled to room temperature. Finally, samples were centrifuged (3,220 g, 4°C, 45 min), filtered with 0.45 μm nylon filters, and brought up to 10 mL in volumetric flask with deionized water. The analysis was conducted in duplicate.



2.6.3 UPLC-ESI-MS analysis

Both acid and alkaline-hydrolyzed samples were analyzed using a UPLC ACQUITY system coupled with an ACQUITY SQ ESI-MS system (Waters, Milford, MA, United States). The analysis was performed with an ACQUITY UPLC Peptide BEH C18 (300 Å, 1.7 μm, 2.1 mm 170 × 150 mm) column (Waters, Milford, MA, United States) and an ACQUITY UPLC Peptide BEH C18 VanGuard™ (300 Å, 1.7 μm, 2.1 mm × 5 mm) pre-column (Waters, Milford, MA, United States).

The analysis was performed as reported in the literature by Buhler et al. (31). The acquisition was performed in SIR mode.

Data acquisition and processing were performed with MassLynx™ V4.0 (Waters, Milford, MA, United States).



2.6.4 Amino acidic score estimation

The amino acidic score of each sample was estimated for each essential amino acid as the ratio between the mg/g of protein and the mg/g of protein required for the diet. The reference values were collected from the requirements set by FAO for children (3–18 years old) and adults (32).




2.7 Protein integrity


2.7.1 Degree of hydrolysis

The degree of hydrolysis (DH%) of samples was estimated extracting the protein fraction and subsequentially performing the OPA method. The analysis was conducted in duplicate.

The extraction of the protein fraction was performed as previously described in Section 2.5.1. The extracted samples were then filtered and properly diluted. The DH% was estimated performing the OPA method in accordance with the procedure reported by Spellman et al. (33). The absorbance was measured at 340 nm with a JASCO B-530 UV–VIS spectrophotometer (JASCO, Oklahoma City, OK, United States). A calibration curve, using isoleucine as standard, was also performed: 2 mg/mL, 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, and 0.125 mg/mL. The DH% was calculated as the ratio between the free amino groups determined with the calibration curve and the total amino groups of the samples.



2.7.2 Enantiomeric purity

The enantiomeric purity (D-enantiomers %) was determined of samples following a standard procedure (30). In brief, 0.5 g of each sample was added with 5 mL of 6 N HCl and hydrolyzed for 6 h at 110°C. Then, samples were cooled to room temperature, filtered, and derivatised first in HCl 2 N in 2-propanol (90°C for 1 h) and then with dichloromethane and trifluoroacetic anhydride (50°C for 30 min). The analysis was conducted in duplicate.

After drying under nitrogen flow, samples were resuspended in dichloromethane and analyzed with an Agilent Technologies 7820A gas chromatograph (Agilent Technologies, Palo Alto, CA, United States) and coupled to an Agilent Technologies 5977B mass spectrometer (Agilent Technologies, Palo Alto, CA, United States). The acquisition was performed in SIR mode.




2.8 Protein digestibility


2.8.1 In vitro gastro-intestinal digestion protocol

All bread samples were subjected to simulated in vitro gastro-intestinal digestion procedure following the static harmonized INFOGEST procedure reported by Brodkorb et al. (34). The analysis was performed using an ES-20 orbital shaker-incubator (SIA BioSan, Riga, LV, Latvia). In brief, 1 g of grinded sample was added with pH 6 simulated saliva (containing porcine α-amylase, 75 U/mL) in a ratio of 1:1 w/v to form the bolus. After 2 min at 37°C and 180 rpm, the bolus was added with the pH 3 simulated gastric fluid (containing porcine pepsin, 2000 U/mL) in a ratio of 1:1 v/v to form the chyme. After 2 h at 37°C and 180 rpm, the chyme was added with the pH 8 simulated intestinal fluid (containing pancreatin, 100 U/mL of trypsin, and bile salts, 10 mM) in a ratio of 1:1 v/v to form the chyle. After 2 h at 37°C and 180 rpm, the enzymes were inactivated thermically boiling samples at 90°C for 15 min. The pH was checked and adjusted during all the phases. Samples were centrifuged at 4°C and 3,220 g for 45 min, and the supernatant was saved for the further analysis. The analysis was conducted in duplicate.

Two different blanks were also determined, one using simulated fluids with no enzyme and one using deionized water instead of the sample.



2.8.2 Degree of hydrolysis of digested samples

The DH% of the digested samples was estimated using the OPA method, as previously described in Section 2.7.1, by properly diluting the digestates. The analysis was conducted in duplicate.




2.9 Statistical analysis

Statistical analysis was performed using SPSS Statistic version 26.0 (Statistical Package for Social Science, Chicago, IL, United States). To investigate the differences in the sum and profile of total amino acids (Figure 1), the DH% (Figure 2), the protein content based on the determination method (Table 2), and the D% (Table 3) between samples and its relative control, paired T-test was performed (ρ < 0.05), while, to investigate differences in total fat and protein content (Table 4), the sum of EAA (Figure 3), and the DH% of digestate (Figure 4) among all samples, one-way ANOVA was performed (ρ < 0.05).

[image: Figure 1]

FIGURE 1
 SDS-PAGE analysis of the protein profile of fortified and control breads compared with the extracted pea protein concentrate. Samples coding: (A) Spelt bread with pea protein and walnuts (19% pea concentrate) and its control C A; (B) Spelt bread with pea protein and sunflower seeds inside (19% pea concentrate) and its control C B; (E) Spelt-barley-bread with pea and chickpea protein with pumpkin and sesame seeds (16% pea and chickpea concentrate in 50:50 ratio) and its control C E.


[image: Figure 2]

FIGURE 2
 SDS-PAGE analysis of the protein profile of fortified and control breads compared with the extracted chickpea protein concentrate. Sample coding: (C) Multi bread with chickpea protein without yeast with cereal flakes and seeds (19% chickpea concentrate) and its control C C; (D) Three-grain bread (rye, wheat, and oat) with chickpea protein (19% chickpea concentrate) and its control C D; (E) Spelt-barley-bread with pea and chickpea protein with pumpkin and sesame seeds (16% pea and chickpea concentrate in 50:50 ratio) and its control C E.


[image: Figure 3]

FIGURE 3
 Total amino acids determined for samples showed for control breads (in black) and fortified breads (in gray). (A) Protein content reported as the sum of total amino acids. (B–F) Amino acidic profile of samples. Sample coding: (A) Spelt bread with pea protein and walnuts (19% pea concentrate) and its control C A; (B) Spelt bread with pea protein and sunflower seeds inside (19% pea concentrate) and its control C B; (C) Multi bread with chickpea protein without yeast with cereal flakes and seeds (19% chickpea concentrate) and its control C C; (D) Three-grain bread (rye, wheat, and oat) with chickpea protein (19% chickpea concentrate) and its control C D; (E) Spelt-barley-bread with pea and chickpea protein with pumpkin and sesame seeds (16% pea and chickpea concentrate in 50:50 ratio) and its control C E. The asterisk in figures reports the significant differences (ρ < 0.05) between control and fortified bread determined with the paired T-test.




TABLE 2 Proximate composition of fortified and control breads expressed on the dry matter.
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TABLE 3 Detailed total fat and protein information expressed as g/100 g of dry matter (mean ± st. dev.).
[image: Table3]
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FIGURE 4
 Sum of essential amino acids reported for control breads (in black) and fortified breads (in gray) expressed as mg/1 g of protein. Samples coding: (A) Spelt bread with pea protein and walnuts (19% pea concentrate) and its control C A; (B) Spelt bread with pea protein and sunflower seeds inside (19% pea concentrate) and its control C B; (C) Multi bread with chickpea protein without yeast with cereal flakes and seeds (19% chickpea concentrate) and its control C C; (D) Three-grain bread (rye, wheat, and oat) with chickpea protein (19% chickpea concentrate) and its control C D; (E) Spelt-barley-bread with pea- and chickpea-protein with pumpkin and sesame seeds (16% pea and chickpea concentrate in 50:50 ratio) and its control C E. The reference lines in the graph refer to the requirements set by FAO for children (3–18 years) and adults (32). Letters refers to significant differences between samples (ρ < 0.05) determined with one-way ANOVA.




TABLE 4 Protein identification reported for extracted pea protein concentrate performed for comparison with literature (9).
[image: Table4]




3 Results


3.1 Samples description

In this study, different formulations of breads added with extracted proteins from legumes and their respective control breads were analyzed and compared. The main features of the protein concentrates used for the fortification (pea and chickpea) are well elucidated in a previous study by Prandi et al. (9).

The samples, as graphically shown in Supplementary Figure S3 and presented in Table 1 (Section 2.2), are 10, five fortified breads and five control breads. Specifically, samples A and C A are spelt breads with walnuts inside, while in samples B and C B, also spelt bread, we find sunflower seeds inside. Sample C and control C C are particular as they are the only bread without yeast and are made with rye flakes, oat flakes, sunflower and pumpkin seeds, linseed, and honey. Sample D and the related control C D are three-cereal bread with rye, wheat, and barley, and samples E and C E are spelt and barley bread with pumpkin seeds and sesame.

From a compositional point of view, the differences between fortified breads and controls concern the addition of the protein concentrates in the formulation, as stated previously. In fact, in the formulation of breads A and B, we find 19% pea protein concentrates, 19% chickpea protein concentrates in samples C and D, and finally, in sample E, there is a combination of pea protein extracts and chickpeas (16% in total).



3.2 Proximate composition

The composition of samples is shown below in Table 5, while more detailed information on total fat and protein content is shown in Table 4.



TABLE 5 Protein identification reported for extracted chickpea protein concentrate performed for comparison with literature (9).
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From the data shown in Table 4, it can be observed that there is a higher (ρ < 0.05) protein content in the fortified samples than in the control ones. In particular, the most significant increase in this sense can be found in sample E within which, with the fortification process, it went from 17.8 g of proteins (evaluated on 100 g of dry substance) in the control to 29.6 g/100 g in fortified bread.

The increase in the protein content follows a decrease in the total carbohydrate content (Table 5) that varies from 7.4 (in the case of sample A) to 33.9% (sample C) decrease. The only exception in this sense can be found in sample B, and there was an increase in total carbohydrates from 50.9 in the control to 58.0 g/100 g in the corresponding fortified bread due to a substantial decrease in the lipid fraction.

Regarding the fiber content, there were no particular differences between the controls and the fortified breads, a result in agreement with what was expected. By analyzing the lipid content (Table 4) of the samples, we can state that sample C shows a much higher value of fats than the other products under examination, having 32.7 g/100 g of total lipids within its composition.



3.3 Protein profile identification

To identify the proteins present in the protein extracts, an electrophoretic separation was conducted under reducing conditions (SDS-page analysis). As shown in Figures 5, 6, gels obtained from the analysis of fortified breads, control breads, and protein concentrates of peas and chickpeas, respectively, are shown. Since the protein profile shown was very complex, especially given the combination of proteins from cereals and oilseeds and protein concentrates, in both cases (fortification with pea and chickpea protein concentrates), we proceeded to identify the bands for comparison with the literature. From the profile obtained, the bands reported by the protein concentrates used for fortification were identified by comparison with the previous study by Prandi et al. (9).

[image: Figure 5]

FIGURE 5
 Degree of hydrolysis % determined on the extracted protein fraction of control breads (in black) and fortified breads (in gray). Sample coding: (A) Spelt bread with pea protein and walnuts (19% pea concentrate) and its control C A; (B) Spelt bread with pea protein and sunflower seeds inside (19% pea concentrate) and its control C B; (C) Multi bread with chickpea protein without yeast with cereal flakes and seeds (19% chickpea concentrate) and its control C C; (D) Three-grain bread (rye, wheat, and oat) with chickpea protein (19% chickpea concentrate) and its control C D; (E) Spelt-barley-bread with pea- and chickpea-protein with pumpkin and sesame seeds (16% pea and chickpea concentrate in 50:50 ratio) and its control C E. The asterisks refer to the significant differences (ρ < 0.05) between each sample and its control performed with paired T-test.


[image: Figure 6]

FIGURE 6
 Degree of hydrolysis % determined on control breads (in black) and fortified breads (in gray) digestates. Samples coding: (A) Spelt bread with pea protein and walnuts (19% pea concentrate) and its control C A; (B) Spelt bread with pea protein and sunflower seeds inside (19% pea concentrate) and its control C B; (C) Multi bread with chickpea protein without yeast with cereal flakes and seeds (19% chickpea concentrate) and its control C C; (D) Three-grain bread (rye, wheat, and oat) with chickpea protein (19% chickpea concentrate) and its control C D; (E) Spelt-barley-bread with pea- and chickpea-protein with pumpkin and sesame seeds (16% pea and chickpea concentrate in 50:50 ratio) and its control C E. Letters refer to significant differences (ρ < 0.05) performed with one-way ANOVA.


In Figure 5, the presence of six highlighted bands can be noticed in the pea protein concentrate. The identification of the bands, as presented in Table 6, showed the presence of three principal classes of proteins, namely, vicilins, legumins, and albumins.



TABLE 6 Protein content determined with Kjeldahl method and as the sum of total amino acids expressed as g of protein/100 g if dry matter (mean ± st. dev.).
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In Figure 6, the presence of three bands can be noticed for the chickpea protein concentrate. The identification of the bands, as presented in Table 7, showed the presence of three principal classes of proteins, such as vicilin-like and legumin-like proteins.



TABLE 7 Amino acid score reported for lysine (LYS) and sulphur amino acids (SAA, as sum of cysteine and methionine) reported for control and fortified breads compared to the requirements set by FAO for children (3–18 years) and adults (32).
[image: Table7]

In both cases, by comparison, it is possible to identify the proteins, which are found in the extracted raw materials and the fortified products.



3.4 Determination of the protein content

The determination of the protein content in each sample was carried out using the Kjeldahl method, as already described in the methodology section (Section 2.4.3). This type of analysis allows to determine the total nitrogen present in the matrices and, subsequently, allows the calculation of the total protein content using an experimentally determined conversion factor, which is specific to each food. In this specific case, being the samples produced from various protein-containing ingredients, the generic conversion factor of 6.25 was used (27). In fact, the proteins present in the formulations derive from different sources, such as cereals, seeds, and legumes. For this reason, the protein content of the samples was also determined as the sum of the total amino acids, which was quantified as described in the methodology section (Section 2.6). The results of these analyses are therefore presented and compared in Table 2.

From the results reported in the table above, a significant difference can be noticed when comparing the protein content values determined with the Kjeldahl method and the values estimated with the sum of total amino acids. This indicates an overestimation in the protein content of the values determined with the total nitrogen analysis.



3.5 Amino acidic profile

The amino acidic profile determined for the samples is shown in Figure 1.

In particular, as shown in Figure 1 panel A, the protein content estimated as the sum of total amino acids, and the comparison between each fortified bread and its control is shown. Analyzing the graph, it can be noticed how, in all cases, there are significant differences between the controls and the related fortified breads (ρ < 0.05), observing indeed an increase in protein content for all fortified samples. In particular, sample E showed triple protein content compared with the control bread. This result confirmed what observed also with the proximate analysis.

Going into more detail, Figure 1 shows, from panel B to panel F, the amino acid profile for each control bread, fortifying bread pair. For all samples, a significant increase (ρ < 0.05) was observed in the content of almost all amino acids, characterizing the protein fraction.

After confirming the general increase in the amino acid content, it is important to evaluate the content of Essential Amino Acids (EAAs) (phenylalanine, isoleucine, histidine, leucine, lysine, methionine, threonine, tryptophan, and valine). The results of this analysis are shown in Figure 3. The values obtained by the sum of EAA, expressed as mg of amino acids on g of protein, were compared with the recommended intake for children (3–18 years old) and adults, which was calculated by the FAO (indicated as reference lines in the graph) (32).

The results highlighted that all fortified breads fully satisfy the needs reported by the FAO for adults and children (32). Going into more detail, it is possible to observe a statistical increase in the sum of EAA in samples A and B compared with controls C A and C B, respectively. Through the fortification process, the greatest increase was observed for sample B, which was indeed characterized by an increase of approximately 12% in EAA compared with its control (C B). Regarding samples D and E, although the slightly lower content in EAA showed compared with the corresponding control (C D and C E, respectively), no significant differences were observed (ρ < 0.05).

Despite the general increase in essential amino acid content, a decrease was observed in sample C. For this reason, the Amino Acid Score (AAS) of the different samples was also evaluated in relation to the needs determined by the FAO for children (3–18 years old) and adults (32). Table 8 shows the AAS values calculated, specifically, for lysine (LYS) and sulfur amino acids (SAA, sum of cysteine and methionine).



TABLE 8 Enantiomeric purity (D%) determined on control breads (on the left) and fortified breads (on the right) expressed as mean ± st. dev.
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Looking at the results, almost all the amino acids analyzed showed values greater than or equal to 1, except for lysine, which remains the limiting amino acid even in fortified samples. However, moving from controls to fortified breads, an increase in the AAS of lysine of 68.2% for the needs of children and 67.9% in adults was observed, significantly improving the nutritional profile of the products under analysis.



3.6 Protein integrity

The protein integrity was evaluated by determining the degree of hydrolysis (DH%) and the enantiomeric purity (D %). The results for which concerns the DH% are shown in Figure 2, while the D % of the samples is shown in Table 3.

From the data obtained, it can be observed that regarding control and fortified breads, the DH% of the proteins, used as an indication of their possible degradation, was lower than 3%. This is an indication of the high integrity of the protein fraction present in the matrices under analysis. Generally, all the control breads showed a statistically greater (ρ < 0.05) DH% than fortified breads.

As can be observed from data shown in Table 3, the D% was observed to be statistically higher (ρ < 0.05) in all formulations for fortified breads. Generally, all control samples showed the presence of alanine D-enantiomers, which were not determined in the fortified samples. The presence of D-lysine was detected only in sample E, while the D-aspartic acid was the enantiomer showing the greatest values.



3.7 Protein digestibility

The results deriving from the application of the in vitro harmonized standard gastro-intestinal INFOGEST procedure were estimated due to the determination of the DH% after digestion. Data are shown in Figure 4 and are expressed as DH% of digestates at the net of the digestion blanks, therefore indicating the DH% due to the action of the digestive enzymes.

The DH% values are wide between samples, ranging from 20 up to 55%. The average DH% for control breads was approximately 42.6%, showing generally a better digestibility than fortified samples. Indeed, when comparing control breads with fortified breads, a decrease in the degree of hydrolysis of some samples can be noted. In particular, the DH% reported for B and E shows a notable decrease (ρ < 0.05) compared with the control bread. The most important change is found in the C E-digested sample within which a DH% of 55.3 ± 3.19% is detected which, following the fortification process, reaches a value equal to 34.92 ± 4.71%, confirming the lower protein digestibility of this formulation.

No significant difference (ρ < 0.05) was observed in the DH% reported for samples A, C, and D compared with the relative controls. In particular, sample C appears to be the one with the highest degree of hydrolysis comparable with the control (48.8 ± 1.1% versus 51.7 ± 2.3%, respectively).




4 Discussion

The data observed from the proximate composition are in agreement with what was observed in the literature. Xing et al. (35) observed that following the fortification process – in wheat bread fortified using dry fractionated chickpea protein-enriched fractions –, there is an increase in the total protein content of 38.5%, a figure comparable with that obtained in this work (equal to 39.5% on average). The decrease in the total carbohydrates in the fortified breads compared with the control ones can be attributed to the matrices. In particular, the partial replacement of flour (a matrix rich in carbohydrates) with protein concentrates (with a low content in carbohydrates) clearly modifies the chemical composition of bread. Indeed, carbohydrates are the major constituents of cereals, with starch making up 60% of the dry weight (36). Nevertheless, the total carbohydrate values observed in our samples are in agreement with what was reported by Plustea et al. (37), who evaluated the composition of breads fortified with lupine flour. In this study, in fact, the amount of carbohydrates found in the fortified breads was equal to 51.4 g/100 g, which was slightly lower than our data but completely comparable considering the different nature of the fortifying agent used.

The value of total lipids reported for the bread analyzed is quite higher than what is reported in the literature by Plustea et al. (37). Samples, and in particular sample C, showed a higher lipid content. This difference can be attributed to the presence of different types of oilseeds within these breads. Indeed, oilseeds are composed of at least 15% of fats (38). Being sample C the prototype with the highest content in oilseeds, the high concentration of fat in this product was an expected result. On the contrary, the formulation studied by Plustea et al. did not contain oilseeds.

The ash content detected within the samples does not appear to be influenced by the fortification process, and it does not vary when comparing control breads with the fortified ones. This highlights that the contribution of ash to the samples is not due to the protein concentrate. In fact, both control and fortified breads are composed of numerous seeds, which provide various mineral substances to the product (39). In this case, however, the data disagree with what was observed by Xing et al. (35) where the ash content detected was 2–3 g/100 g, slightly lower than the 3.9 g/100 g average observed in our study. However, it is necessary to note that the breads used in the aforementioned study are not characterized by the presence of seeds as in the case of the samples under examination but are wheat breads enriched with protein extracts.

The fortification process does not only potentially bring modifications to the composition of nutrients of products but can also affect the protein quality and integrity. For this reason, an in-depth study of the protein fraction of the samples under examination was considered essential. This characterization was conducted starting from the analysis of the protein profile (electrophoretic analysis in reducing conditions), the amino acid profile, and the integrity of the protein fraction.

In particular, the identification of the protein fraction highlighted the presence of pea protein concentrate of mostly vicilin, albumin, and legumin, the prevalent proteins in this matrix (17, 40, 41). In samples fortified with pea protein concentrates, it is possible to identify the presence of these proteins by comparison, but the bands appear less intense. This is certainly due to the composition characterized by ingredients which, in themselves, provide proteins to the system. On the contrary, the protein classes identified for the chickpea concentrate are clearly visible in the fortified products and belong to the class of vicilin-like and legumin-like proteins. These proteins are important storage proteins that are also characteristic of Leguminosae (42).

The differences observed in the total amino acid content are consistent with the trend observed in the proximate composition. Despite comparing the data observed for the protein content between the determination with the Kjeldahl method and the estimation with the sum of EAA, a great difference in the value was observed. From what has been highlighted, it can certainly be concluded that the value of the total protein content, which is determined through the Kjeldahl method, overestimates the real protein content of the different samples. In fact, the generic conversion factor of 6.25 appears to be too high in the specific case of these samples. For this reason, the data reported by the sum of total amino acids appears to be more reliable.

In addition to the values of total amino acids, the profile of the latter reported a higher content in almost all amino acids, which concerns fortified samples. This increment due to the fortification was observed also in the sum of EAA. Indeed, all samples fulfilled the requirements set by FAO for children (3–18 years old) and adults (32). In particular, samples fortified with pea protein concentrate (A and B) showed a higher increase in EAA than samples added with chickpea protein concentrate (C and D) or the mixture of both (E). The values of essential amino acids observed for the samples are in accordance with what was reported in the literature. In particular, Alu’datt et al. (43) evaluated the fortification of wheat breads with protein isolates produced from barley. In this study, the average value estimated for EAA increased by approximately 10.7%, which was comparable to the increment observed in the present study.

Despite the general trend observed in EAA for the samples, sample C showed a decreased content in EAA than its control bread (C C). In the study, therefore, the AAS was also evaluated. The AAS, indeed, gave an indication of the fulfillment of requirements for each amino acid. In particular, the results were reported for LYS and SAA, being generally limiting amino acids, respectively, in cereals and legumes (17, 36). The improvement in the profile observed is important especially in the case of sample C. Indeed, even if the sum of EAA resulted lower than the control bread, it can be noted that, due to fortification, there is an improvement in the proportion between the various amino acids, consequently improving the amino acid profile of the bread. In all cases, the increase in LYS score is accompanied by a corresponding decrease in the SAA value, which are limiting in legumes. This decrease does not, however, lead to a worsening of the nutritional profile of the breads, being the values still above 1.

The data presented so far are in accordance with what was reported by Guardado-Félix et al. (44). In this study, the partial replacement of wheat flour with chickpea flour in the formulation of fortified breads was evaluated. In addition, in this case, both in the controls and in the fortified samples analyzed, LYS was the limiting amino acid (AAS equal to approximately 0.5 in the controls), but, in general, the fortification process improved the nutritional profile of the breads, increasing the score up to approximately 66.2%, completely comparable to 68%, on average, observed in our study.

Analyzing what emerged from the evaluation of the DH% and the D% of the samples, the low values recorded indicated a high degree of purity and integrity of the protein fraction. In particular, the values observed for the DH% allow to state that the processes of protein extraction, fortification, flour milling, or bread baking did not significantly affect the protein integrity. The significant differences (ρ < 0.05) observed between controls and fortified breads can be ascribed to a greater DH% of the flour compared with the protein concentrates. Indeed, the latter, as mentioned previously, was subjected to DAE, a technique characterized by rather low degrees of protein hydrolysis. The protein fraction of the flour, on the other hand, has lower integrity due, among others, to the milling process, which has a greater impact in this sense (45). Consequently, by combining these two ingredients as foreseen by the fortification process, there is a decrease in the DH%.

For which concerns the D%, although this analysis is performed on all the amino acids present in the protein fraction of the samples, those detected were only the most sensitive to treatments (presented in Table 3). Following extensive treatments (such as high temperatures, ultrasounds, and extreme pH), the amino acids that are more susceptible to modifications are, indeed, alanine, aspartic acid, glutamic acid, lysine, and phenylalanine (46, 47). The higher values, in both control and fortified breads, were detected for D-aspartic acid, which were known to be very susceptible to heat treatments (48). From the data observed, a higher integrity of control breads was noted compared with fortified samples. The D% is related to all the treatments that the protein fraction underwent during the manufacturing. Therefore, these higher values observed in fortified breads can be ascribed to all the stress that the proteins have undergone from harvesting to extraction.

Finally, the digestibility of proteins was analyzed to have an indication of how and how much the process of fortification can affect it. To the aim, samples underwent the static in vitro INFOGEST gastro-intestinal digestion procedure, which is described in the methodology section (Section 2.8). The information on the protein digestibility was analyzed and expressed as DH% after digestion, net of the intrinsic DH% of samples prior to digestion. The results, as shown in Figure 4, showed a general lower, even if in some cases, statistically comparable digestibility of fortified breads than control formulations. Sample C was the sole fortified bread showing a comparable DH% of proteins compared with the control bread (C C). Regarding this factor, indeed, the fortification process seems to have worsened protein accessibility, affecting protein digestibility. What was observed in this study is in contrast to the literature. In particular, Sousa et al. (49) determined the digestibility of different protein isolates such as cereals and legumes with the INFOGEST method. In their study, the DH% of digestates reported for pea proteins was 40% higher than the DH% of cereals. These differences can be attributed to the matrix effect due to the final products, which is the result of the combination of different ingredients. In particular, the significant presence of complex carbohydrates (fiber) and lipids, interacting with proteins, could cause a slowdown in protein digestibility (50). Indeed, sample B, that showed the higher increase in total carbohydrate content, showed also a much lower digestibility than its control samples (C B). Nevertheless, sample E, made with the combination of pea and chickpea protein concentrates, showed lower DH% values compared with the control sample (C E). Interestingly, this is also the sample that showed the highest increase in protein content after fortification. Therefore, the lower digestibility could also be due to the presence of anti-nutritional factors provided by legume protein concentrates (18, 19), which could possibly have a higher impact on digestibility in the samples with higher proteins. Indeed, the presence of anti-nutritional factors as enzyme inhibitors (i.e., trypsin inhibitors) leads to a significant decrease in the activity of digestive enzymes (such as trypsin, chymotrypsin, amylase, and lipase) and a consequent decrease in the digestibility of the food matrix (22).



5 Conclusion

The partial replacement of cereal flours with protein concentrates led, as expected, to an increase in protein content, in accordance with what was estimated during the formulation to achieve the claim of “high protein content.”

The high integrity of protein observed—DH% lower than 3% and D% lower than 10%—and the general rebalancing of the profile in EAA—such as the increased AAS determined for lysine—achieved with the fortification led to a product with not only a high protein content but also a high-quality protein.

However, a high variability was observed in the protein digestibility attributable to the different composition of the samples. Beyond that, the lower digestibility observed in the fortified samples compared with the control breads suggests a possible residual presence of anti-nutritional factors in the samples due to the mild treatments applied to produce the protein concentrates.

We can conclude that the fortification led to a clear improvement in the nutritional profile of the bread prototypes. Regarding the digestibility of the protein fraction, sample C (fortified with chickpea proteins) is certainly the one that showed the best results, having a comparable DH% with its control bread.

These results show how the fortification of breads can be useful for improving the quality of these foods, the consumption of which is certainly a valid strategy to also increase the introduction of proteins with high biological value contained in legumes, representing an excellent tool in the fight against malnutrition. Anyhow, this study also highlighted the need to study more thoroughly the possibility of developing different formulations with different combinations of cereal-based and legume-based ingredients.

The products developed in this study are interesting; thus there is a literature about the use of protein concentrates to fortify bread, but not much has been done regarding the use of by-products. In this optic, a focus on the life-cycle assessment (LCA) of these new prototypes is needed to asses if, coupled with the nutritional advantages brought by fortification, there is also a beneficial effect on the environment.

Furthermore, this study was developed on five prototypes that were not yet completely food-grade. The recipe(s) of the products that deemed suitable must therefore be further studied and characterized also from technological and sensorial point of view. There is also the need to evaluate the digestibility of the starch, with particular attention to the possibility of having, with the fortification with protein concentrates, a lowering of the glycaemic index of breads. Finally, before they can be marketed, the products will require in-depth studies on stability and shelf life.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

SC: Investigation, Methodology, Writing – original draft. J-IP: Investigation, Methodology, Writing – review & editing. RS: Resources, Writing – review & editing. CZ: Writing – review & editing. TT: Resources, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was conducted in the framework of prolific project. This project has received funding from the Bio-Based Industries Joint Undertaking under the European Union’s Horizon 2020 research and innovation program under grant agreement N°790157.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1351443/full#supplementary-material



References

 1. Berrazaga, I, Micard, V, Gueugneau, M, and Walrand, S. The role of the anabolic properties of plant-versus animal-based protein sources in supporting muscle mass maintenance: a critical review. Nutrients. (2019) 11:1825. doi: 10.3390/nu11081825 

 2. Aiking, H. Protein production: planet, profit, plus people? Am J Clin Nutr. (2014) 100:483S–9S. doi: 10.3945/ajcn.113.071209 

 3. Mattila, J, Kokki, K, Hietakangas, V, and Boutros, M. Stem cell intrinsic Hexosamine metabolism regulates intestinal adaptation to nutrient content. Dev Cell. (2018) 47:112–121.e3. doi: 10.1016/j.devcel.2018.08.011 

 4. Boukid, F, Zannini, E, Carini, E, and Vittadini, E. Pulses for bread fortification: a necessity or a choice? Trends Food Sci Technol. (2019) 88:416–28. doi: 10.1016/j.tifs.2019.04.007

 5. Foschia, M, Horstmann, SW, Arendt, EK, and Zannini, E. Legumes as functional ingredients in gluten-free bakery and pasta products. Annu Rev Food Sci Technol. (2017) 8:75–96. doi: 10.1146/annurev-food-030216-030045 

 6. Dhillon, PK, Bowen, L, Kinra, S, Bharathi, AV, Agrawal, S, Prabhakaran, D , et al. Legume consumption and its association with fasting glucose, insulin resistance and type 2 diabetes in the Indian migration study. Public Health Nutr. (2016) 19:3017–26. doi: 10.1017/S1368980016001233 

 7. FAO/OCCP. Pulses: nutritious seeds for a sustainable future 1st ed. Rome, Italy: FAO; (2016). doi: 10.4060/i5528e,

 8. Pelzer, E, Bazot, M, Makowski, D, Corre-Hellou, G, Naudin, C, al Rifaï, M , et al. Pea–wheat intercrops in low-input conditions combine high economic performances and low environmental impacts. Eur J Agron. (2012) 40:39–53. doi: 10.1016/j.eja.2012.01.010

 9. Prandi, B, Zurlini, C, Maria, CI, Cutroneo, S, di Massimo, M, Bondi, M , et al. Targeting the nutritional value of proteins from legumes by-products through mild extraction technologies. Front Nutr. (2021) 8:695793. doi: 10.3389/fnut.2021.695793 

 10. PROLIFIC. Valorization of agro-industrial residues in a cascading approach - Feedstock. (2020). Available at: https://www.prolific-project.eu/feedstock (Accessed 01, 2024).

 11. Arte, E, Rizzello, CG, Verni, M, Nordlund, E, Katina, K, and Coda, R. Impact of enzymatic and microbial bioprocessing on protein modification and nutritional properties of wheat bran. J Agric Food Chem. (2015) 63:8685–93. doi: 10.1021/acs.jafc.5b03495 

 12. Mandalari, G, Faulks, RM, Rich, GT, Lo Turco, V, Picout, DR, Lo Curto, RB , et al. Release of protein, lipid, and vitamin E from almond seeds during digestion. J Agric Food Chem. (2008) 56:3409–16. doi: 10.1021/jf073393v 

 13. Kruger, J, Taylor, JRN, Ferruzzi, MG, and Debelo, H. What is food-to-food fortification? A working definition and framework for evaluation of efficiency and implementation of best practices. Compr Rev Food Sci Food Saf. (2020) 19:3618–58. doi: 10.1111/1541-4337.12624 

 14. World Health Organization In: JJ Guilbert, editor. Working Together for Health. 1st ed. Geneva, Switzerland (2006).

 15. Shrivastava, C, and Chakraborty, S. Bread from wheat flour partially replaced by fermented chickpea flour: optimizing the formulation and fuzzy analysis of sensory data. LWT. (2018) 90:215–23. doi: 10.1016/j.lwt.2017.12.019

 16. Xiao, Y, Huang, L, Chen, Y, Zhang, S, Rui, X, and Dong, M. Comparative study of the effects of fermented and non-fermented chickpea flour addition on quality and antioxidant properties of wheat bread. CyTA J Food. (2016) 14:621–31. doi: 10.1080/19476337.2016.1188157

 17. Boye, J, Zare, F, and Pletch, A. Pulse proteins: processing, characterization, functional properties and applications in food and feed. Food Res Int. (2010) 43:414–31. doi: 10.1016/j.foodres.2009.09.003

 18. Amalraj, A, and Pius, A. Influence of oxalate, Phytate, tannin, dietary Fiber, and cooking on calcium bioavailability of commonly consumed cereals and millets in India. Cereal Chem. (2015) 92:389–94. doi: 10.1094/CCHEM-11-14-0225-R

 19. Moktan, K, and Ojha, P. Quality evaluation of physical properties, antinutritional factors, and antioxidant activity of bread fortified with germinated horse gram (Dolichus uniflorus) flour. Food Sci Nutr. (2016) 4:766–71. doi: 10.1002/fsn3.342 

 20. Adeyemo, SM, and Onilude, AA. Enzymatic reduction of anti-nutritional factors in fermenting soybeans by Lactobacillus plantarum isolates from fermenting cereals. Niger Food J. (2013) 31:84–90. doi: 10.1016/S0189-7241(15)30080-1

 21. Gupta, RK, Gangoliya, SS, and Singh, NK. Reduction of phytic acid and enhancement of bioavailable micronutrients in food grains. J Food Sci Technol. (2015) 52:676–84. doi: 10.1007/s13197-013-0978-y 

 22. Sathya, A, and Siddhuraju, P. Effect of processing methods on compositional evaluation of underutilized legume, Parkia roxburghii G. Don (yongchak) seeds. J Food Sci Technol. (2015) 52:6157–69. doi: 10.1007/s13197-015-1732-4 

 23. European Parliament & Council. Regulation (EC) 1924/2006 on nutrition and health claims made on foods. Off J Eur Communities. Published online (2006).

 24. Baldini, M, Fabietti, F, Giammarioli, S, Onori, R, Orefice, L, and Stacchini, A. Methods of analysis used for the chemical control of food. (1996). Available at: https://www.iss.it/documents/20126/45616/Rapp_ISTISAN_96_34_def.pdf/e3149ce3-508d-28f5-d4d2-f30c8479213c?t=1581103178196.

 25. Thiex, N, Novotny, L, and Crawford, A. Determination of ash in animal feed: AOAC official method 942.05 revisited. J AOAC Int. (2012) 95:1392–7. doi: 10.5740/jaoacint.12-129 

 26. European Commission. Commission regulation (EC) no 152/2009 of 27 January 2009 laying down the methods of sampling and analysis for the official control of feed. Off J Eur Union. Published online (2009).

 27. WHO, FAO. Energy and protein requirements. Report of a joint FAO/WHO ad hoc expert committee. World Heal Organ-Tech Rep Ser. (1973).

 28. AOAC In: P Cunniff, editor. Official methods of analysis of the Association of Official Analytical Chemists International. 16th ed. Washington, DC. (2002).

 29. Lee, SC, Rodriguez, F, Storey, M, Farmakalidis, E, and Prosky, L. Determination of soluble and insoluble dietary Fiber in psyllium-containing cereal products. J AOAC Int. (1995) 78:724–9. doi: 10.1093/jaoac/78.3.724 

 30. Cutroneo, S, Prandi, B, Faccini, A, Pellegrini, N, Sforza, S, and Tedeschi, T. Comparison of protein quality and digestibility between plant-based and meat-based burgers. Food Res Int. (2023) 172:113183. doi: 10.1016/j.foodres.2023.113183 

 31. Buhler, S, Solari, F, Gasparini, A, Montanari, R, Sforza, S, and Tedeschi, T. UV irradiation as a comparable method to thermal treatment for producing high quality stabilized milk whey. LWT. (2019) 105:127–34. doi: 10.1016/j.lwt.2019.01.051

 32. WHO. Dietary Protein Quality Evaluation in Human Nutrition. (2011). Available at: https://www.fao.org/documents/card/en/c/ab5c9fca-dd15-58e0-93a8-d71e028c8282/.

 33. Spellman, D, McEvoy, E, O’Cuinn, G, and Fitz Gerald, RJ. Proteinase and exopeptidase hydrolysis of whey protein: comparison of the TNBS, OPA and pH stat methods for quantification of degree of hydrolysis. Int Dairy J. (2003) 13:447–53. doi: 10.1016/S0958-6946(03)00053-0

 34. Brodkorb, A, Egger, L, Alminger, M, Alvito, P, Assunção, R, Ballance, S , et al. INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat Protoc. (2019) 14:991–1014. doi: 10.1038/s41596-018-0119-1

 35. Xing, Q, Kyriakopoulou, K, Zhang, L, Boom, RM, and Schutyser, MAI. Protein fortification of wheat bread using dry fractionated chickpea protein-enriched fraction or its sourdough. LWT. (2021) 142:110931. doi: 10.1016/j.lwt.2021.110931

 36. Serna-Saldivar, SO. Cereal grains: Properties, processing, and nutritional attributes Boca Raton, Florida (USA): CRC Press. (2010).

 37. Plustea, L, Negrea, M, Cocan, I, Radulov, I, Tulcan, C, Berbecea, A , et al. Lupin (Lupinus spp.)-fortified bread: a sustainable, nutritionally, functionally, and technologically valuable solution for bakery. Food Secur. (2022) 11:2067. doi: 10.3390/foods11142067 

 38. Zhang, M, Wang, O, Cai, S, Zhao, L, and Zhao, L. Composition, functional properties, health benefits and applications of oilseed proteins: a systematic review. Food Res Int. (2023) 171:113061. doi: 10.1016/j.foodres.2023.113061 

 39. Stikic, R, Glamoclija, D, Demin, M, Vucelic-Radovic, B, Jovanovic, Z, Milojkovic-Opsenica, D , et al. Agronomical and nutritional evaluation of quinoa seeds (Chenopodium quinoa Willd.) as an ingredient in bread formulations. J Cereal Sci. (2012) 55:132–8. doi: 10.1016/j.jcs.2011.10.010

 40. Duranti, M, and Gius, C. Legume seeds: protein content and nutritional value. Field Crop Res. (1997) 53:31–45. doi: 10.1016/S0378-4290(97)00021-X

 41. Monnet, AF, Laleg, K, Michon, C, and Micard, V. Legume enriched cereal products: a generic approach derived from material science to predict their structuring by the process and their final properties. Trends Food Sci Technol. (2019) 86:131–43. doi: 10.1016/j.tifs.2019.02.027

 42. Kusumah, J, Castañeda-Reyes, ED, Bringe, NA, and Gonzalez de Mejia, E. Soybean (Glycine max) INFOGEST colonic digests attenuated inflammatory responses based on protein profiles of different varieties. Int J Mol Sci. (2023) 24:12396. doi: 10.3390/ijms241512396 

 43. Alu’datt, MH, Rababah, T, Ereifej, K, Alli, I, Alrababah, MA, Almajwal, A , et al. Effects of barley flour and barley protein isolate on chemical, functional, nutritional and biological properties of Pita bread. Food Hydrocoll. (2012) 26:135–43. doi: 10.1016/j.foodhyd.2011.04.018

 44. Guardado-Félix, D, Lazo-Vélez, MA, Pérez-Carrillo, E, Panata-Saquicili, DE, and Serna-Saldívar, SO. Effect of partial replacement of wheat flour with sprouted chickpea flours with or without selenium on physicochemical, sensory, antioxidant and protein quality of yeast-leavened breads. LWT. (2020) 129:109517. doi: 10.1016/j.lwt.2020.109517

 45. Marschall, C, Graf, G, Witt, M, Hauptmeier, B, and Friess, W. Preparation of high concentration protein powder suspensions by milling of lyophilizates. Eur J Pharm Biopharm. (2021) 166:75–86. doi: 10.1016/j.ejpb.2021.04.023 

 46. Anzani, C, Prandi, B, Buhler, S, Tedeschi, T, Baldinelli, C, Sorlini, G , et al. Towards environmentally friendly skin unhairing process: a comparison between enzymatic and oxidative methods and analysis of the protein fraction of the related wastewaters. J Clean Prod. (2017) 164:1446–54. doi: 10.1016/j.jclepro.2017.07.071

 47. Prandi, B, Di Massimo, M, Tedeschi, T, Rodríguez-Turienzo, L, and Rodríguez, Ó. Ultrasound and microwave-assisted extraction of proteins from coffee green beans: effects of process variables on the protein integrity. Food Bioprocess Technol. (2022) 15:2712–22. doi: 10.1007/s11947-022-02907-z

 48. Prandi, B, Faccini, A, Lambertini, F, Bencivenni, M, Jorba, M, van Droogenbroek, B , et al. Food wastes from agrifood industry as possible sources of proteins: a detailed molecular view on the composition of the nitrogen fraction, amino acid profile and racemisation degree of 39 food waste streams. Food Chem. (2019) 286:567–75. doi: 10.1016/j.foodchem.2019.01.166 

 49. Sousa, R, Recio, I, Heimo, D, Dubois, S, Moughan, PJ, Hodgkinson, SM , et al. In vitro digestibility of dietary proteins and in vitro DIAAS analytical workflow based on the INFOGEST static protocol and its validation with in vivo data. Food Chem. (2023) 404:134720. doi: 10.1016/j.foodchem.2022.134720 

 50. Sun, X, Acquah, C, Aluko, RE, and Udenigwe, CC. Considering food matrix and gastrointestinal effects in enhancing bioactive peptide absorption and bioavailability. J Funct Foods. (2020) 64:103680. doi: 10.1016/j.jff.2019.103680


Copyright
 © 2024 Cutroneo, Petrusan, Stolzenberger, Zurlini and Tedeschi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnut-11-1351443-t006.jpg
Protein fraction

Control breads Fortified breads

Kjeldahl  Total Code Kjeldahl  Total
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CA 183£038% 116045 A 2394089 180086
cB 186£030F  126+080 B 2424085% 189036
cc 170£026%  113£021 c 208+076% 201038
cp 169£022F  106+045 D 208+018% 170150
CE 1780145 1004064 E 206+025% 251084

Samples coding: (4) Spelt bread with pea-protein and walnuts (19% pea concentrate) and its
control C A; (B) Spelt bread with pea-protein and sunflower seeds inside (19% pea
concentrate) and it control C B; (C) Multi bread with chickpea-protein without yeast with
cereal flakes and seeds(19% chickpea concentrate) and its control C C; (D) Three-grain bread
(rye, wheat, oat) with chickpea-protein (19% chickpea concentrate) and its control C D; (E)
Spelt-barley-bread with pea- and chickpea- protein with pumpkin and sesame seeds (16%
pea and chickpea concentrate in 50:50 ratio) and its control C E. Asterisks in the table refer
o the significant differences (p < 0.05) between the protein content of each sample
determined with the two different methods performed with pair T-test.
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Asp 2174005 Asp 3856022
GLU 123007 GLU 119024
LYs nd Lys nd
PHE 1532007 PHE 199009
TOT 7.08£0.31 TOT 9.71£0.55%

cc ALA 141006 c ALA nd
Asp 359007 Asp 7722003
GLU 1162003 GLU 2724011
1Ys nd 1Ys nd
PHE 1344006 PHE 168026
TOT 7.5040.22 TOT 1215034
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Asp 3354017 Asp 6814013
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Samples coding: (4) Spelt bread with pea-protein and walnuts (19% pea concentrate) and its
control C A; (B) Spelt bread with pea-protein and sunflower seeds inside (19% pea
concentrate) and its control C B; (C) Multi bread with chickpea-protein without yeast with
cereal flakes and seeds(19% chickpea concentrate) and its control C C; (D) Three-grain bread
(rye, wheat, oat) with chickpea-protein (19% chickpea concentrate) and its control C D; (E)
Spelt-barley-bread with pea- and chickpea- protein with pumpkin and sesame seeds (16%
pea and chickpea concentrate in 50:50 ratio) and its control C E. Asterisks in the table refer
o the significant differences (p < 0.03) between the total D% of each sample and its control
performed with pair T-test
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Children (3-18 years) ca 038 265 A 047 160
cB 051 204 B 053 183
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CE 036 277 E 101 195
Adults ca 041 278 A 050 167
cB 054 214 B 057 191
cc 049 238 c 073 165
cD 029 281 D 054 202
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Samples coding: (A) Spelt bread with pea-protein and walnuts (19% pea concentrate) and its control C A; () Spelt read with pea-protein and sunflower seeds inside (19% pea concentrate)
and its control C B; (C) Multi bread with chickpea-protein without yeast with cereal lakes and seeds(19% chickpea concentrate) and it control C Cs (D) Three-grain bread (rye, wheat, oat)
with chickpea-protein (19% chickpea concentrate) and its control C D; (E) Spelt-barley-bread with pea- and chickpea- protein with pumpkin and sesame seeds (16% pea and chickpea
concentrate in 50:50 ratio) and its control CE.
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Control ca 824 17760645 | 1842046
breads cB 765 05124 1862039
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Fortified A 964 180£006° | 239093
breads B 963 7.9540.44° 222088
c 93 3938005 2432081

D 956 866014 2172019
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Samples coding: (4) Spelt bread with pea-protein and walnuts (19% pea concentrate) and its
control C A; (B) Spelt bread with pea-protein and sunflower seeds inside (19% pea
concentrate) and its control C B; (C) Multi bread with chickpea-protein without yeast with
cereal flakes and seeds(19% chickpea concentrate) and its control C C; (D) Three-grain bread
(rye, wheat, oat) with chickpea-protein (19% chickpea concentrate) and its control C D; (E)
Spelt-barley-bread with pea- and chickpea- protein with pumpkin and sesame seeds (16%
pea and chickpea concentrate in 50:50 ratio) and its control C . Letters in columns refer to
the significant differences (p < 0.05) between the nutrient content of all samples performed
with one-way ANOVA,
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Codes Dry matter Ash Total fat Total Fiber Protein
carbohydrates

Control breads ca 824 33 17.7 513 78 184 16
cB 765 35 205 509 48 186 17

cc 694 41 327 375 69 170 19

cp 716 38 70 617 88 169 18

CE 647 44 124 578 56 178 20

Fortified A 964 37 180 475 55 29 13
breads B 963 43 80 580 43 22 14
c 933 40 393 u8 62 13 14

D 956 36 87 566 80 27 14

E 953 43 185 414 49 296 14

Samples coding: (A) Spelt bread with pea-protein and walnuts (19% pea concentrate) and its control C A; () Spelt bread with pea-protein and sunflower sceds inside (19% pea concentrate)
and its control C B; (C) Multi bread with chickpea-protein without yeast with cereal flakes and seeds(19% chickpea concentrate) and its control C s (D) Three-grain bread (rye, wheat, 0at)
with chickpea-protein (19% chickpea concentrate) and its control C D; (E) Spelt-barley-bread with pea- and chickpea- protein with pumpkin and sesame seeds (16% pea and chickpea
concentrate in 50:50 ratio) and its control CE.
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rol bread

List of ingredients

Fortified bread

List of ingredients

Spelt bread with

walnuts

Spelt bread with

sunflower seeds

Mult bread without
yeast with rye flakes,
oat flakes, sunflower,
pumpkin, linseed,

honey, water

‘Three-grain bread with

rye, wheat, oat

Spelt-barley-bread with
pumpkin and sesame

seeds

The yeast used was a fresh yeast type “Fala Univrsalhefe” purchased from LESAFFRE Deutschland GmbH (Kehl, KEL, Germany).

cA

cB

cc

cp

CE

150g sourdough from spelt
wholemeal flour, 175.g spelt
wholemeal flour, 100g oat flakes,
25g chia seeds, 175 mL warm water,
10gsalt, 7.5mL oil, 225 g yeast, 15g
‘walnuts.

150 sourdough from spelt
wholemeal flour, 175 g spelt
wholemeal flour, 100g oat flakes,
25g chia seeds, 175 mL warm water,
10gsalt, 7.5mL oil, 2.25g yeast, 15g

sunflower

150g sourdough, 175 g spelt
wholemeal flour, 100g oat flakes and
rye flakes, 25g chia seeds, 175 mL.
‘warm water, 10g salt, 7.5mL oil,
3.75g sunflower seed, 375
pumpkin seed, 3.75 g linseed,

3.75mL honey water

150g sourdough from spelt
wholemeal flour, 175 spelt
wholemeal flour, 100 oat flakes,
25 chia seeds, 175 mL warm water,

10gsalt,7.5ml oil, 2.25 g yeast

125g sourdough, 150g spelt
wholemeal flour, 125 mL water, 7.5g
linseeds, 7.5g sunflower seed, 7g

salt, 6.75mL oil, 2 eggs, 1.85g yeast

Spelt bread with pea-protein
and walnuts (pea
concentrate added: 19%)

Spelt bread with pea-protein

and sunflower seeds inside

(pea concentrate add
19%)

Multi bread with chickpea-
protein without yeast with
rye flakes, oat flakes,
sunflower sced, pumpki
seed, linseed, honey water
(chickpea concentrate
added: 19%)

‘Three-grain bread (grain:
rye, wheat, oat) with
chickpea-protein (chickpea
concentrate added: 19%)

Spel-barley-bread with pea-
and chickpea- protein with
pumpkin and sesame seeds
(pea and chickpea
concentrate added: 16% in
50:50 ratio)

150g sourdough from spelt
wholemeal flour, 175 g spelt
wholemeal flour, 150g pea protein,
100g oat flakes, 25 chia seeds,

175 mL warm water, 10g salt, 7.5 mL
oil, 225 yeast, 15g walnuts

150 sourdough from spelt
wholemeal flour, 175 g spelt
wholemeal flour, 150g pea protein,
100g oat flakes, 25 chia seeds,

175 mL warm water, 10g salt, 7.5 mL

oil, 2.25g yeast, 15g sunflower

150g sourdough, 175 g spelt
wholemeal flour, 150g chickpea
protein, 100g oat flakes and rye
flakes, 25 chia seeds, 175 mL warm
water, 10g salt, 7.5mL oil, 3.75g
sunflower seed, 3.75 g pumpkin seed,

3.75g linseed, 3.75 mL honey water

150g sourdough from spelt
wholemeal flour, 175 g spelt
wholemeal flour, 150g chickpea
protein, 100g oat flakes, 25 g chia
seeds, 175l warm water, 10g salt,
7.5g oil, 2.25g yeast

125g sourdough, 150 spelt
wholemeal flour, 50g chickpea
protein, 50g pea protein, 125 mL
water, 7.5g linsceds, 7.5g sunflower
seed, 7g salt, 675 mL oil 2 eggs,
1.85g yeast
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