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Abstract

:

The quality and health-promoting properties of enriched bread depend not only on the composition of the additive but also on the baking technology. In this study, the preparation (rice flour, maltodextrin, and red potato pulp) was used in the amount of 5% of the flour in the recipe at various stages of bread production, i.e., during sourdough fermentation or dough kneading. The aim of the study was to analyze the effect of adding the preparation containing red potato pulp on the content of polyphenols and the ability to neutralize free radicals, nutritional composition, physical parameters, and quality of wheat–rye bread using two different baking technologies. The preparations made with red potato pulp are an excellent source of bioactive compounds. The breads with preparations added to the sourdough were characterized by greater volume and lower hardness, and higher levels of minerals and dietary fiber than breads with preparations added to the dough. It was found that the breads with preparations added to the dough were characterized by up to 4.5 times more polyphenols, 3.5 times more flavonoids, and 6 times more phenolic acids and flavonols than breads with preparations added to sourdough, which translated into their greater antioxidant potential.
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1. Introduction


Many individuals rely on bread as a valuable source of energy and an indispensable staple in their diet. It has been claimed that bread is the basic key element of human nutrition [1,2,3]. Wheat bread is regarded as a basis of human nutrition in many countries. Nevertheless, because of the multiple benefits of rye, there is a range of studies focused on bread prepared with rye sourdough [4]. Bakery products of this type have longer shelf-life, higher nutritional value, and usually better organoleptic properties, including smell and taste [4,5,6,7].



Utilizing sourdough enables the creation of products that possess a more robust aroma, attributed to the metabolic action of lactic acid bacteria, which, in addition to lactic acid, also produce acetic acid, succinic acid, ethyl alcohol, acetoin, diacetyl, acetone, 2,3-butyleneglycol, carbon dioxide, and hydrogen. All these compounds influence the formation of the appropriate structure of the dough, control the enzymatic processes, and enhance the desired flavor and aroma of the bread [8].



The last decade has seen a global trend to use natural substances that are rich in antioxidants to fortify bread. Enriching bread with bioactive ingredients contributes to the pro-health properties of the bread. The most commonly used bioactive ingredients in the production of bread are blackcurrant extract, grape seed extract, ground onion (Allium cepa), ground green coffee beans, red/purple potato flour, sugar beet molasses, pomegranate peel powder, banana pseudo stem flour, yam flour, and apple pectin [3,9,10,11,12,13,14,15,16].



In recent times, there has been an increasing utilization of by-products generated from the processing of fruits and vegetables [17,18,19,20,21], because they are rich in bioactive compounds, and their recycling fits well into the zero-waste trend, occurring recently throughout the world. Among such fruit and vegetable by-products, special attention should be paid to colored potato pulp, remaining after starch processing. Such pulp contains phenolic acids (chlorogenic acid, gallic acid, ferulic acid, and protocatechuic and caffeic acids), flavonoids (catechin, epicatechin, quercetin, rutin, myricetin, and kaempferol), and the anthocyanins acylated with phenolic acids mentioned above, which are more stable in comparison with anthocyanins present in colored fruit pomace [22,23]. Pulp derived from purple potatoes contains petunidin- and malvidin-3-rutinoside-5-glucosides acylated with p-coumaric and ferulic acid, whereas pulp from red potatoes is rich in pelargonidin and peonidin-3-rutinoside-5-glycosides acylated with p-coumaric and ferulic acid [24,25]. The mentioned ingredients encompass a variety of polyphenols, which serve as antioxidants and exhibit numerous health benefits. These include regulating blood sugar levels, lowering cholesterol, preventing cancer, reducing post-meal blood sugar spikes and hypertension, possessing anti-inflammatory, antiviral, antimicrobial, and anti-allergenic properties, as well as acting as anticoagulants. Additionally, they help lower the risk of conditions such as atherosclerosis, cardiovascular diseases, diabetes, genetic damage, bone degeneration, and neurodegenerative diseases such as Alzheimer’s disease [26,27]. These properties may contribute to the health-promoting features of bread.



It should be noted, however, that bread manufacture is a set of processes in which the dough (consisting of flour, water, salt, and yeast) is mixed, kneaded, proofed, and baked, and at each of these stages there may be quantitative changes and variation in the bioavailability of phenolic compounds added in the form of plant materials. During baking, an increase in temperature contributes to the formation of crosslinks in this group of compounds. Furthermore, the gelatinized starch granules and the gluten network interact, leading to a dissipation of kinetic energy and a consequent rise in firmness. It should also be emphasized that supplementing the dough with health-promoting ingredients (polyphenols) will contribute to significant changes in the ingredients of bread, which will affect the bioavailability and assimilation of nutrients and their nutraceutical potential [3].



Therefore, it is extremely important whether the raw materials are simply natural substances rich in polyphenols, by-products rich in polyphenols, or if they are produced from by-products rich in polyphenols by encapsulation in carbohydrate-rich food matrices. Moreover, the quantity of the addition, and the stage at which they are introduced into the bread manufacturing process, play a very important role. Most publications on bread fortification focus on the amount of additive (raw materials—fruit or fruit pomace) that is applied to the dough [3,9,10,11,12,13,14,15,16]. There are no studies that apply the additive in two independent stages of baking (dough or sourdough). Therefore, there is a lack of published studies investigating the impact of incorporating the additive at two distinct stages of bread production on the nutritional value, health-promoting properties, and overall quality of the final product. An important element will therefore be the prior encapsulation of polyphenol-rich by-products in carbohydrate matrices, due to the fact that polyphenols are degraded. Polyphenols quite often degrade as a result of thermal treatment occurring during industrial processing, and therefore they partially lose their health-promoting properties [28]. According to Świeca et al. [3], their antioxidative potential is also lowered by the formation of indigestible complexes with proline-rich protein. That is why the encapsulation process could be one of the methods of their protection, so that they can still fulfill the above-mentioned health-promoting functions. Therefore, in our research, we used a preparation of rice flour and maltodextrin with or without red potato pulp, which was encapsulated by extrusion, and is the novelty of this study. The preparation was used in the amount of 5% (w/w) of the flour at various stages of bread manufacture, for sourdough or dough. So far, there has been no research on this topic. Therefore, this work focuses on two new aspects: first, encapsulated preparations with red pulp potato, a valuable source of health-promoting substances (polyphenols), which, in this form, are protected against adverse factors during industrial processing (baking); and second, on the possibility of bread fortification with the above-mentioned preparations at two stages (dough and sourdough), in order to show which of these stages is more beneficial for applying health-promoting preparations. The objective of the study was therefore to analyze the effect of the addition of the preparation containing red potato pulp at various stages of bread production (dough or sourdough) on the content of polyphenols and the antioxidant potential, nutritional composition, physical parameters, and quality of wheat–rye bread.




2. Materials and Methods


Wheat–rye breads with the addition of red potato preparations were obtained using two different technologies. (T1 and T2). In the first technology, the addition of red potato preparations was used at the stage of kneading the dough, and in the second technology, it was used at the stage of souring rye flour (sourdough preparation). The preparation was added in the amount of 5% in relation to the amount of flour. The content of the bioactive ingredient (red potato pulp) in the preparation was 0%, 30%, or 40%. A simplified diagram of the procedure is presented in Figure 1.



2.1. Red Potato Preparations


The production of preparations from rice flour and maltodextrins (DE = 18) in the mass ratio of 1:1 with red potato pulp (Magenta Love variety) in the proportions 0%, 30%, 40% w/w was carried out by the extrusion process. Before extrusion, the raw materials, after prior mixing, were brought to a moisture content of 34% and conditioned (12 h). The extrusion process was carried out in extruder with a single screw (type 20DN) (Brabender, Duisburg, Germany), with a compression ratio of 1:3, and a nozzle with a diameter of 4 mm. The extrusion process was conducted in three different temperature zones (zone I 80 °C, zone II 90 °C, zone III 110 °C). The preparations were encoded as follows: E0PP (rice flour and maltodextrin (1:1) without red potato pulp), E30PP (rice flour and maltodextrin (1:1) with 30% red potato pulp), E40PP (rice flour and maltodextrin (1:1) with 40% red potato pulp).




2.2. Preparation of the Sourdough


The standard sourdough was prepared a total of eight times, following the subsequent procedure: 120 g of rye flour and 1.5 g of commercial starter cultures—LV2 (Saccharomyces chevalieri, Lactobacillus brevis—SAF LEVAIN; Lesaffre, Marcq-en-Barœul, France)—were mixed together with 120 mL of water. Afterward, the sourdoughs were fermented at 30 °C for 24 h in a laboratory incubator (IPS, Memmert GmbH & Co. KG, Schwabach, Germany). After that, 120 g of rye flour and 72 mL of water were added and fermentation was carried out for another 24 h at 30 °C. In breads in which the preparation was used at the stage of sourdough (Figure 1), the sourdough was prepared twice for each preparation, using the following procedure: 105 g of rye flour, 15 g of the preparation: (E0PP, E30PP, E40PP, respectively) and 1.5 g of commercial starter cultures—LV2 (Saccharomyces chevalieri, Lactobacillus brevis—SAF LEVAIN; Lesaffre)—were mixed together with 120 mL of water. Sourdough was fermented at 30 °C for 24 h in a laboratory incubator. After that, 105 g of rye flour, 15 g of suitable preparation, and 72 mL of water were added and fermented for the next 24 h.



After 48 h of fermentation, the sourdough was used to prepare bread dough.




2.3. Determination of pH and Total Titratable Acidity of the Dough


The pH of the dough/sourdough was determined by employing a pH meter model CPC-505 (Elmetron, Zabrze, Poland) with a dough sample electrode ERH-12-6 (Hydromet, Poland), both prior to and following the fermentation process.



For the assessment of total titratable acidity (TTA), a mixture of 5 g of the dough/sourdough and 100 mL of distilled water was prepared. The resulting suspension was subsequently titrated with 0.1 M NaOH solution using phenolphthalein as an indicator. The volume of NaOH required for titration was quantified in TTA units (mL NaOH/100 g of the dough/sourdough).




2.4. Wheat–Rye Bread Production


Ingredients according to the recipe in Table 1 were combined in the spiral mixer (type SP12, Diosna Dierks & Söhne GmbH, Osnabrück, Germany). After the end of mixing, the dough was left at 40 °C for 30 min. Then, 100 g dough pieces were then formed and finally fermented for 70 min in a proofer oven (MIWE Condo type CO 2.0608 electric oven, MIWE GmbH, Arnstein, Germany). The bread was baked at 210 °C for 30 min in an electrically heated deck oven (MIWE Condo, Germany). The resulting breads were coded as follows: SB—standard bread; E0PP_T1 (or E30PP_T1; E40PP_T1)—bread with E0PP (or E30PP; E40PP) preparation obtained according to technology 1; E0PP_T2 (or E30PP_T2; E40PP_T2)—bread with E0PP (or E30PP; E40PP) preparation obtained according to technology 2 (Figure 1). All kinds of breads were baked at least twice. The results are presented as an average of repetitions and different batches of bread.




2.5. Bread Quality Analysis


After 2 h of cooling, the following analyses were performed:



2.5.1. Loaf Mass and Bread Yield and Baking Loss


Loaf mass was determined using a laboratory scale. Bread yield was calculated as follows:


Bread yield = mb/mf × 100



(1)







The calculation of baking loss was carried out using the following formula.


Baking loss = (md − mb)/md × 100



(2)




where md = weight of dough formed for baking; mb = weight of cold bread; mf = weight of flour used to prepare dough formed for baking (md)




2.5.2. Total Titratable Acidity of Bread Crumb


Total titratable acidity (TTA) of bread crumb was determined according to PN-A-74108:1996 [29]. The extraction of acids from a 15 g sample was performed by immersing it in 100 mL of distilled water for a duration of 1 h. Subsequently, a 50 mL portion of the filtrate was titrated with 0.1 M NaOH solution using phenolphthalein as an indicator. The volume of NaOH consumed during titration was recorded and expressed in TTA units (mL NaOH/100 g of the bread).




2.5.3. Bread Volume


The measurement of bread volume was conducted using a precise, low-frequency laser-based three-dimensional analysis instrument called the Volscan Profiler (Stable Microsystems, Godalming, UK). To assess the bread size in this study, a vertical step size of 2 mm and a rotational speed of 0.5 revolutions per second (rps) were utilized.




2.5.4. Moisture of the Bread Crumb


Moisture of the bread crumb was established by drying the sample for 60 min at 130 °C, according to AOAC method 925.10 (AOAC 2006) [30].




2.5.5. Analysis of Texture Parameters


Texture parameters were evaluated using a TA.XT Plus texture analyzer (Stable Microsystems, UK) following a standard program, employing a compression rate of 5 mm/s. A 15 mm high sample of sliced bread crumb, taken from the central section of the loaf, was compressed to reach 50% of its initial height using a P/20 aluminum compression plate. This compression process was repeated twice, with a 5 s interval between cycles. The resulting texture profile analysis parameters, including hardness, cohesiveness, chewiness, and crumb resilience, were considered indicators of textural properties. The calculations were performed using the accompanying software Texture Exponent version 6.1.16.0 (Stable Microsystems, Godalming, UK).




2.5.6. Color Analysis


The color of both the crust and crumb was assessed following the guidelines of the International Commission of Illumination [31] using a CM-5 spectrophotometer (Konica Minolta, Inc., Osaka, Japan). Color reflectance values were recorded in the CIE Lab* color coordinate system, with D65 illuminant and a 10° observer angle.





2.6. Analysis of Basic Chemical Composition of Bread and Preparations


The chemical composition of bread was determined according to the AOAC methods (2006) [30]. Dry mass was determined using the laboratory oven set to 105 °C (UF 55, Memmert, Germany), according to AOAC method No. 925.10. Total protein content was measured using a Kjeltec 2200 unit (FOSS, Hillerød, Denmark), according to AOAC method no. 950.36. Total dietary fiber, including soluble and insoluble fractions, was evaluated based on enzymatic-gravimetric AOAC method no. 935.38 with MEGAZYME enzymes (K-TDFR-200A). Evaluation of the raw fat content was carried out using a Soxtec Avanti extractor (2055, FOSS, Denmark) following AOAC method no. 930.05. Total ash content was determined using laboratory stove model SM-2002 (Czylok, Jastrzębie-Zdrój, Poland), following AOAC method no. 930.05 [30].




2.7. Antioxidants Content and Antiradical Activity of Bread and Preparations


2.7.1. Extraction Procedure


The content of antioxidants and antiradical activity were assessed in ethanol extracts. In summary, 0.6 g of the sample was dissolved in 30 mL of 80% ethanol. The mixture was then shaken in the dark for 120 min using an electric shaker (type WB22, Memmert, Schwabach, Germany) and subsequently separated by centrifugation (at 1050× g for 15 min) using a centrifuge (type MPW-350, MPW MED Instruments, Warsaw, Poland). The resulting supernatant was carefully decanted and stored at −20 °C for further analysis [32].




2.7.2. Total Polyphenol Content


The total polyphenol content (TPC) was assessed using two spectrophotometric methods. The first method involved the utilization of Folin–Ciocalteu reagent, as outlined by Singleton et al. [33]; and the second without Folin–Ciocalteu reagent, according to Mazza et al. [34], with modification by Oomah et al. [35].



In the first method, a 5 mL portion of the extract was diluted with distilled water, resulting in a final volume of 50 mL. Next, 5 mL of the diluted extract was mixed with 0.25 mL of Folin–Ciocalteu reagent and 0.5 mL of 7% Na2CO3. The mixture was vigorously vortexed using a WF2 vortex mixer (Janke & Kunkel, Staufen, Germany) and then kept shielded from light for 30 min. The absorbance of the resulting solution was measured at a wavelength of 760 nm using a Helios Gamma 100–240 spectrophotometer (Runcorn, UK). The obtained results were expressed as milligrams (mg) of catechin per 100 grams (g) of dry matter (DM).



Content of total polyphenols (without Folin–Ciocalteu reagent) was determined as follows. A test tube containing 0.1 mL of the extract was combined with 2.4 mL of 2% HCl in 75%. The mixture was thoroughly vortexed, and the absorbance was measured at a wavelength of 280 nm. The total polyphenol content (TPC) was reported in milligrams (mg) of catechin per 100 grams (g) of dry matter (DM).




2.7.3. Content of Phenolic Acids, Flavonols, and Anthocyanins


The contents of phenolic acids, flavonols, and anthocyanins were measured by the spectrophotometric method according to Mazza et al. [34], with a modification by Oomah et al. [35]. The extract (0.1 mL) was mixed with 2.4 mL of 2% HCl in 75% in a test tube. The contents were vortexed and the absorbance was measured at the wavelengths λ = 320 nm (phenolic acids), λ = 360 nm (flavonols), and λ = 520 nm (anthocyanins). Phenolic acids in mg of gallic acid/100 g DM, flavonols in mg quercetin/100 g DM, anthocyanins in mg glycoside-3-cyanidin/100 g DM.




2.7.4. Content of Flavonoids


The determination of flavonoid content was performed using the spectrophotometric method described by El Hariri et al. [36]. In a test tube, 0.5 mL of the extract was combined with 1.8 mL of distilled water and 0.2 mL of 2-aminoethyldiphenylborate reagent. The mixture was vortexed, and the absorbance was measured at a wavelength of 404 nm. The content of flavonoids was reported in milligrams (mg) of rutin per 100 grams (g) of dry matter (DM).




2.7.5. Antioxidant Activity


The evaluation of antioxidant activity was performed using the ABTS analytical method [37]. A 7 mM concentration of ABTS was prepared by dissolving it in water. The ABTS radical cation (ABTS+•) was generated by mixing the ABTS stock solution with 2.45 mM potassium persulfate (final concentration) and allowing the mixture to stand in the dark at room temperature for 12–16 h before use. The reduction of ABTS+• in the presence of the sample was measured at 734 nm using a Helios Gamma 100–240 spectrophotometer (Runcorn, UK). To analyze the extracts, the ABTS+• solution was diluted in PBS buffer (pH 7.4) to achieve an absorption value of 0.700 ± 0.05. A volume of 2.00 mL of the ABTS+• solution and the corresponding extract in PBS buffer were used for the measurement. The bleaching of ABTS+• was monitored at 30 °C, and the decolorization after 6 min was utilized as the indicator of antioxidant activity. The radical scavenging activity was expressed as Trolox equivalents antioxidant capacity (mM of Trolox per kg of sample). For the calibration curve, Trolox solutions in the concentration range of 0–2.5 mM (R2 = 0.9957) were used.





2.8. Molecular Parameters of Polysaccharide Matrix in Bread


2.8.1. Sample Preparation


Bread crumb (10 g) was poured with 40 mL of distilled water at room temperature, mixed, and left to swell for 5 min. In the next stage, the sample was homogenized for 5 min in a homogenizer (the crumb from the grinder was rinsed with 15 mL of distilled water). The homogenate was mixed for 20 min with a laboratory stirrer at 750 rpm and the stirrer was rinsed with 10 mL of distilled water. The obtained suspension was centrifuged in a laboratory centrifuge for 10 min at a speed of 4000 rpm [38]. The supernatant fluid was decanted into a volumetric flask with a capacity of 100 mL and deproteinized by adding 5 mL of Carrez I and 5 mL of Carrez II. The suspension was filtered through a fluted filter. The supernatant was used for chromatographic analysis.




2.8.2. Chromatographic Analysis


The determination of average molecular masses and their distributions was conducted using gel permeation chromatography (GPC) [39]. A series-connected system of three columns, namely, Ultrahydrogel-2000, Ultrahydrogel-500, and Ultrahydrogel-120, all manufactured by Waters (USA), was utilized. The system was equipped with a refractive index (RI) detector from Knauer (Germany). The eluent used was a mixture of 0.1 M NaNO3 and 0.02% NaN3 solution in water. The flow rate was set at 0.6 mL·min−1, and the sample volume injected was 100 mL. The sample concentration was approximately 5 mg·mL−1. Prior to analysis, the samples were dissolved in 1 M NaOH and neutralized with the addition of 1 M HCl, with phenolphthalein used as an indicator. Calibration was performed using pullulan standards from Shodex (Tokyo, Japan).




2.8.3. Statistical Analysis


All bread analyses were conducted in duplicate or more, and the obtained results were subjected to two-way analysis of variance (ANOVA) using the Statistica 13 version 13.3.721.1 statistical software package (StatSoft, TIBCO Software Inc., Palo Alto, CA, USA). The samples were categorized based on the type of preparation and its application location. The significance of differences between the mean values was assessed using Duncan’s test at a significance level of α ≤ 0.05. Additionally, Pearson correlation was calculated using MS Excel, and the correlation coefficient was determined using Statistica 8.0PL software.






3. Results and Discussion


3.1. Characteristics of Obtained Preparations


Extruded preparations mainly consist of starch and other carbohydrates, since a significant component of this formulation was rice flour rich in starch, maltodextrin, and red potato pulp starch. As the proportion of red potato pulp increased, there was a reduction in the content of starchy carbohydrates. At the same time, the content of fiber fractions and total dietary fiber, ash, fat, and protein increased (Table 2). The total content of fiber and the fractions of soluble and insoluble fiber, ash, fat, and protein increased with the increase in the proportion of potato pulp (preparations E30PP and E40PP) 100-fold, 60-fold, 45-fold, and 18-fold, respectively, and 11-fold compared to the E0PP formulation (Table 2).



Considering the total phenolic content (TPC) of extruded rice flour and maltodextrin preparations with or without red potato pulp, a significant amount of these compounds was found, especially in formulations containing 30 and 40% of pulp in comparison to the reference preparation (E0PP). The content of TPC in the 30 and 40% pulp preparations was 12 and 15 times higher, respectively, compared to the non-pulp preparation (E0PP) (Table 2). For the E0PP preparation, the determination of total polyphenol content (TPC) using Singleton et al.’s [33] method was crucial as the Folin–Ciocalteu (F-C) reagent reacts not only with polyphenols but also with other compounds such as ascorbic acid, glycoalkaloids, sugars, and amino acids [40,41]. Importantly, the latter two components form the Maillard reaction products, which greatly increase the “apparent” amount of TPC in the sample. Therefore, TPC was also determined by the method of Mazza et al. [34] as modified by Oomah et al. [35]. The results of this analysis show lower TPC values, but the trend in the range of all samples is convergent. It should be emphasized that the amount of polyphenols in these preparations increased significantly after the use of pulp containing red potato polyphenols (mainly chlorogenic acid, neo- and cryptochlorogenic acids, ferulic acid, gallic acid, p-coumaric acid, and pelargonidin and acylated peonidin derivatives) [23,42,43]. It is important to acknowledge that the spectrophotometric determination of total polyphenol content (TPC) using the Folin–Ciocalteu reagent (Singleton et al. [33] method) provides a valuable metric for establishing a correlation between the content of phenolic compounds and their antioxidant activity.



The amount of flavonoids in E0PP was small, but increased significantly with the proportion of red potato pulp. In the case of E0PP, no phenolic acids, flavonols, or anthocyanins were found due to the lack of a bioactive component, i.e., red potato pulp. The E40PP preparation was characterized by a higher content of phenolic acids, flavonols, and anthocyanins by 30, 46, and 55%, respectively, compared to the E30PP preparation (Table 2). The presence of these compounds results in very high antioxidant activity of these preparations, which is 5.3 times greater than that of the preparation made without potato pulp, i.e., E0PP (Table 2), which was confirmed by a strong correlation between TPC and ABTS (r = 0.995).




3.2. Characterization of Sourdough, Dough, and Bread with the Participation of the Tested Preparations in Terms of Changes in Acidity


Proper preparation of the sourdough affects the final quality of baking bread. The use of appropriate quality sourdough affects the rheological properties of the dough, improving its texture, but also influences the development of the desired taste and aroma in the finished product [5,44].



Significant differences were observed in the initial acidity (both pH and titratable acidity) of the sourdough before starting the fermentation process. The lowest titratable acidity and the highest pH (Table 3) immediately after preparation were found in the standard sourdough made exclusively from rye flour. The use of all preparations in sourdough significantly increased total titratable acidity. On the other hand, the use of potato-based preparations resulted in a much lower pH of the sourdough. The observed variations can be attributed to variances in the chemical composition of the raw materials employed in the production of the sourdough (Table 1). The use of pure E0PP caused an increase in the initial titratable acidity of this sourdough, but did not contribute to a change in pH compared to the standard sourdough, which should be attributed to the presence of ingredients contained in the formulation reacting with NaOH. Sourdoughs containing potato pulp preparations (30% and 40%) were characterized by a significantly lower initial pH, which decreased with the increasing proportion of potato pulp in the preparation. This can be attributed to the increasing content of polyphenols, including phenolic acids.



The pH of all sourdoughs decreased statistically significantly with the fermentation time, and their acidity increased statistically significantly in all types of sourdough (Table 3). The decrease in pH was particularly intense during the first 24 h, during which the pH dropped by approximately 30–35% from the initial pH. After 48 h, a further 2 to 4% drop in pH was observed. However, no significant differences in pH were observed between the sourdoughs, after either 24 or 48 h of fermentation. This is related to the pH reaching the level of 3.6–3.8, at which the growth and metabolism of lactic acid bacteria cease, and some other enzymes are activated, which influences further changes in the sourdough [45,46].



As in the case of pH after 24 and 48 h of fermentation, no significant differences were observed in the titratable acidity of the sourdough. The exception was the sourdough with the preparation in which the potato pulp was added in the amount of 40%, which, immediately after making, was characterized by the highest acidity. It may testify to a greater distribution of macronutrients contained in the sourdough [46,47], which were supplied with the preparation in the greatest amounts (Table 2).



After fermentation for all sourdoughs obtained, a pH of about 3.9 and an acidity of about 15 TTA were reached. According to other authors, these values indicate quite high acidification of sourdough [45,46,48]. The optimal pH and acidity of wheat and rye sourdough used for the production of bread depend on the customer’s preferences and the geographical region in which the bread is prepared [49].



The obtained sourdoughs were used directly to prepare the dough. The highest initial pH was observed in dough with E40PP added to dough or sourdough, irrespectively, and in dough with E0PP added to sourdough. These doughs were also characterized by the lowest titratable acidity (Table 4 and Table S1). As a result of the fermentation of the dough, slight changes in the pH of the dough were observed, but these differences were small, which may be due to the short fermentation time of the dough (70 min). The values of the initial titratable acidity did not differ so clearly; only the dough with E0PP added directly to the dough was characterized by a much higher initial titratable acidity, while differences were observed in the parameters of the titratable acidity of the dough after fermentation.



The titratable acidity of the standard dough increased by about 0.5 TTA units during fermentation. In the case of the dough to which the preparation was added at the dough stage only, the increase was greater and ranged between 0.7 and 2.0 TTA units, while the dough with the E0PP preparation showed the smallest increase in acidity (0.74 TTA units). The greatest increase in acidity during fermentation was observed after adding the preparation to the sourdough (by 0.98–2.3 TTA units), especially in the case of E30PP and E40PP. Therefore, it can be inferred that the addition of the tested preparations accelerates its acidification. In the tested preparations, maltodextrin constituted a significant proportion, which in the context of the extrusion process resulted in higher availability for microorganisms [50]. The use of pomace additionally increased the acidification of the dough. Greater acid synthesis may be associated with the supply of proteins, minerals, and vitamins within the pomace, which promotes the growth of bacteria [51]. It could be expected that the TTA of the dough would increase due to the decreasing pH of the product. The additional apparent increase in acidity after fermentation could be related not only to the acidification directly influencing the pH, but also to the increase in the content of weakly acidic NaOH-reactive compounds; hence, the change in the TTA of the dough during proofing is evident [52].



It should be noted, however, that the most acidic dough was obtained when using preparation E30PP (Table S1). Probably, this composition of the preparation was the optimal substrate for bacteria growth, which resulted in better acidification of the dough. Regardless of the titratable acidity of the dough, the titratable acidity of the bread crumb has changed. These values are not proportional because the final acidity depends on the amount of compounds that are retained in the bread and, like the acidity of the sourdough, it varies widely and depends both on the type of bread and the geographical area [49]. The acidity of the crumb was significantly lower in the case of SB and E0PP_T1 bread as compared to the other bread samples. In this group, the lowest acidity was found in the E40PP_T2 bread. This can be explained by the release of significant amounts of polyphenols during fermentation, which had a hindering effect on the development of acidifying microflora.




3.3. Quality of Bread Made Using Preparations


There were no notable alterations in the physical parameters of the bread, which could impact the quality of the products, such as bread weight or bread yield, as indicated in Table 5. Statistically significant differences were only observed between the standard bread and the bread prepared with the E0PP additive incorporated into the sourdough (E0PP_T2). This particular bread exhibited the lowest weight and, consequently, the lowest yield. (Table 5) among the examined samples. On the other hand, the highest parameters were shown by standard bread. The use of a pure (unenriched) preparation without potato pulp (E0PP) significantly accelerated the fermentation process, as this preparation provided the largest amount of carbohydrates (Table 2), and these breads had the largest volume (Table S2).



Large differences were also observed between the volumes of the bread. The breads with preparations added at the sourdough fermentation stage were distinguished by a much larger volume compared to standard bread and bread to which the preparation was added at the dough kneading stage. This effect was observed regardless of the type of preparation used (Table S2). Probably, in these breads, the microorganisms proliferated better, as evidenced by the higher acidity of the dough after fermentation (Table 4).



At the same time, an influence of the type of preparation on the volume of bread was observed. The preparation consisting of maltodextrin and rice flour 50/50 (E0PP) had the most favorable effect on the bread volume regardless of the technology used (T1 or T2) (Table S2). These changes may be related to the lower carbohydrate content in these preparations, which significantly facilitates fermentation, the presence of a greater content of dietary fiber in these preparations (Table 2), or in limiting the production of carbon dioxide by microorganisms due to the addition of preparations containing polyphenols. Dietary fiber generally negatively affects the volume of bread and texture characteristics; therefore, searching for new possibilities of adding high-fiber products to bread without reducing their quality, often using a fermentation process, is a current requirement [53,54,55,56]. In addition, the greater volume of E0PP bread may result from the supply of greater amounts of maltodextrins with a DE of 18-19, because, as demonstrated by Witczak et al. [57], the addition of maltodextrins with saccharification of above 18 DE has a positive effect on the volume and texture of gluten-free bread, as previously demonstrated by Miyazaki et al. [58].



Incorporating the preparation either as an additive to the dough or to the sourdough led to alterations in the color of the crumb and crust of the resulting bread (refer to Table 6 and Table S3). The crumb of the bread containing E0PP in the sourdough exhibited an L* coefficient value similar to the standard (Table S3), while the other bread samples had a darker crumb color, indicated by lower L* values. Furthermore, an increase in the proportion of potato pulp in the preparation resulted in a darker crumb, which results from the greater presence of coloring compounds, and thus the greater content of bioactive compounds. In addition, taking into account the color difference (ΔE) values, the influence of the type of preparation on the crumb color was observed. It should be noted that the only bread crumbs that should not differ from the control to the consumers were those baked with E0PP, where the color difference was below 1.5. In view of the fact that the average observer notices differences only at a ΔE level above two, and two different colors are identified at a ΔE above five [59], it can be concluded that the crumb of breads with pomace preparations differed completely from the standard bread in color. In the case of food products, color differences of up to three are acceptable [60]. The negative effect of phenolic compounds on the color of the crumb and crust was observed by Pasqualone et al. [61] and Taranto et al. [62]. Long fermentation of sourdough using the tested preparations contributed to the lightening of the bread crumb, and although the differences were not significant during the statistical analysis of mixed factors, in the case of the two-factor analysis of variance, the influence of the preparation method turned out to be statistically significant. Therefore, it can be concluded that the stage of the incorporation of the apple pomace preparation has a notable impact on the crumb color, as its addition to the sourdough contributes to a lighter-colored crumb.



The type of preparation also influenced the color of the crumb. The value of the a* and b* components changed inversely to the L* component, which proves greater accumulation of red and yellow compounds, respectively, with the dominant yellow saturation.



The color coefficients of the bread crust changed in a similar way, but this relationship was not as clear as before. Significant differences in crust color represented by the ΔE factor could be clearly observed among the samples (Table 6 and Table S3) This is probably the result of different Maillard reactions taking place in the crust of the bread, despite maintaining the same technological parameters while preparing the dough, fermentation, and baking. It was observed that the E0PP_T2 breads had the highest value of the L* component of the crust compared to all other breads, while the lowest value of the L* component was recorded in the case of E30PP_T2 and E40PP_T1. Parameters a* and b*, indicating the color of the crust, also changed slightly, and it was observed that their value changed inversely with the value of the L* component. Together with the darker color of the crust, more intense saturation with yellow and red colors was observed (Table 6).



Statistically significant differences were observed during the analysis of the moisture content of the bread crumb, both on the baking day and after storage (Table 7). On the day of baking, the crumb of bread with the addition of the preparation (regardless of the stage of its administration) had significantly lower moisture than standard bread (Table 7 and Table S4), while the crumb moisture of bread obtained with the T1 technology was significantly higher than that of the crumb of bread obtained with the T2 technology. During storage, a decrease in crumb moisture in all breads was observed. This phenomenon can be attributed to the well-known process of water migration from the crumb to the crust. The structural integrity and moisture content of bread have a direct influence on its overall quality, including characteristics such as crumb hardness, mouthfeel, and chewiness [63,64]. Similar to the day of baking, the moisture after 48 h of storage was the highest for standard bread. In this case, moisture was significantly higher than that of all breads with the preparation dosed into the dough (T1 technology), and comparable to the majority of breads with the preparation added to the sourdough (T2 technology), with the exception of bread with E0PP. The addition of preparations with potato pulp (E30PP, E40PP) to the sourdough significantly slowed down the loss of moisture by the crumb, because, during the entire storage period, these breads lost less than 1% of water. For the remaining breads, the observed loss was 1.5% (E0PP_T2), 1.9% (SB), and 2.2% or more when the formulations were applied to the dough. Additionally, changes in the crumb moisture were observed during storage, and differences were observed between different preparations and applied technologies (Table S3). Nevertheless, such slight variations should not be perceptible in the organoleptic assessment, and the crumb moisture of wheat–rye bread is above 40% [49].



Crumb hardness is the parameter most often determined in bread texture studies, allowing one to estimate the bread aging rate, which is related to the retrogradation of starch [63,65]. The addition of E0PP and E30P to the sourdough significantly lowered the hardness of the crumb on the baking day compared to the standard bread, but no significant differences were observed between the other tested breads (Table 8 and Table S5). Taking into account that the bread with the addition of preparation to the sourdough was characterized by the highest volume, it can be concluded that the hardness and volume changed in direct proportion. The addition of the preparation did not statistically significantly affect the hardness of the crumb after storage, and thus the proportion of stale bread. All tested breads were characterized by an increase in crumb hardness by an average of 16N compared to the day of baking. Thus, the use of sourdough preparations only had an effect on the fermentation of the dough, thus obtaining a greater volume and lower hardness compared to other breads, while the greater proportion of low-molecular carbohydrates did not reduce the staling process. The textural properties are also described by crumb cohesiveness, which is a measure of the degree of decay of the sample after deformation. By examining the cohesiveness, the strength of its internal bonds in the product, i.e., the degree to which the sample can be deformed before it is damaged, was determined [65]. No clear effect of the preparation proportion on crumb cohesiveness was observed; a slight beneficial effect on crumb cohesiveness was noted after the application of the E40PP preparation directly to the dough and all the preparations dispensed for the sourdough (Table 8 and Table S6). The standard bread did not differ significantly from the other products; therefore, it can be concluded that neither the stage of adding the preparation nor the type of preparation significantly affects the consistency of the bread on the baking day and during its storage (Table S6).




3.4. Chemical Composition of Investigated Breads


The preparations used in the research differed significantly in their chemical composition (Table 2), which resulted in differences in the chemical composition of bread produced with the preparations as a 5% addition in terms of the weight of flour (Table 9 and Table S7). It was observed that with the increase in ash and fiber content in the preparation, the content of these components in bread with the preparation added increased as well. Hence, the breads containing E40PP are characterized by the highest content of dietary fiber, including both soluble and insoluble fractions and ash. The addition of E0PP and E30PP to the dough did not increase the protein content in these breads compared to the standard. It should be noted that the protein content in the other raw materials used to prepare the dough (flours, yeast) was much higher; hence, the effect of the addition of preparations was not important in terms of the protein content, as expected (Table 9 and Table S7).



It was observed that the chemical composition was greatly influenced by the moment of using the preparation because the content of most of the determined macronutrients (except for fat) was higher in the breads obtained according to technology T2 (Table S7). It can therefore be assumed that these breads contain much smaller amounts of carbohydrates that were used during the fermentation process.



The inclusion of the extruded preparation in the dough directly influences the structural characteristics of starch in the bread crumb, primarily increasing the molecular weight distribution (ƉƉ) (Table 10). It is most likely related to the degradation of polysaccharide chains during the preparation itself (extrusion, hydrothermal phenomena) [66], as well as the composition of the preparation in which one of the ingredients was maltodextrin, with a much lower molecular weight compared to flour starch. Additionally, it is known that fermentation and the bread-making process influence molecular parameters of starch and other polysaccharides by means of shortening the macromolecular chains as well as broadening molecular mass distribution [67]. The addition of an extruded preparation containing rice flour and maltodextrin to the dough slightly decreased the weight average molecular weight (Mw) while increasing the dispersibility of the system. This means that a low molecular weight fraction appears in the sample (maltodextrin)—Figure 2a–c. In the case of preparations containing the potato pulp in the amounts of 30 and 40%, a decrease in both structural parameters was observed (the number and weight average molecular weight), but, above all, a significant increase in dispersibility was noted. This phenomenon was particularly visible in the differential molecular weight distributions. Basically, in all cases, the weight distribution was trimodal; however, in the case of systems containing the added red potato pulp, a change (increase) in the weight fraction of the lowest molecular fraction (maximum around 104 g·mol−1) in relation to the medium molecular fraction (maximum around 105 g·mol−1) can be observed.



A comparable situation was noted in relation to bread in which the extruded preparation was added to the sourdough (Figure 1). In this case, the structural parameters in the samples containing potato fractions are similar to those discussed above, with the molecular weight dispersion being slightly greater. Similarly, for bread prepared with the incorporation of a formulation consisting solely of rice flour and maltodextrin (E0PP_T2), an increase in the average molecular weight was observed. However, in this case, it results in a reduction in dispersion, which may mean that the fermentation was faster/easier for low molecular weight fractions (e.g., maltodextrin) and its products were mono- or oligosaccharides; i.e., they were undetectable in the analytical system used. A comparison of the sample containing rice flour and maltodextrin with samples containing an additional 30 and 40% of red potato pulp may indicate greater availability for microorganisms (fermentation) of the higher molecular fraction of the preparation or specific synergistic effects that require further research [68].




3.5. Polyphenol Content and Antioxidant Activity of Bread Supplemented with Preparations Extruded from Red Potato Pulp


According to many authors [15,69,70], the determined antioxidant activity of fortified breads primarily originated from phenolic compounds rather than other constituents found in bread. Therefore, the bioaccessibility of these phenolics plays a crucial role in determining the potential health benefits of the food. Most studies on polyphenol transformations during technological operations, e.g., baking, confirm the destructive effect of temperature on nutrients and bioactive compounds, including polyphenols, due to their lack of resistance to high temperature [70]. Therefore, in this research, extruded preparations of rice flour and maltodextrin with red potato pulp as a source of polyphenols were used to enrich bread with bioactive compounds. The extrusion was performed to create a shell of rice flour and maltodextrin, which makes it possible to protect the bioactive part of the preparation, which was the source of polyphenols, i.e., red potato pulp. The aforementioned preparations exhibited a rich content of beneficial compounds and demonstrated significant antioxidant activity, making them excellent sources of health-promoting substances. As already mentioned, the antioxidant status of the finished product depends on the form of the additive, its quantity, and the stage of its application during breadmaking. In this publication, extruded preparations were added directly to the dough or applied in the sourdough fermentation step. Breads enriched with a 5% addition of the extruded preparation showed a significant increase in total polyphenol content (TPC) ranging from 6% to 750% compared to the standard bread, irrespective of the TPC determination method used (as shown in Table 11). Similarly, there was a notable increase in the content of flavonoids in these breads, ranging from 57% to 850% compared to the standard (as indicated in Table 12). However, when comparing the bread with the addition of this preparation to the dough to the sourdough, it was unequivocally found that the breads where the preparation was added to the dough were characterized by a greater amount of TPC and flavonoids. Preparations E0PP, E30PP, and E40PP added to the sourdough contributed to the reduction in TPC by 18%, 25%, and 80%, respectively, compared to breads where they were added directly to the dough at the kneading stage. In the case of flavonoids, E30PP and E40PP added to the sourdough contributed to a reduction in the amount of these compounds by 24% and 70%, respectively, compared to bread where they were added to the dough. The exception was E0PP, which guaranteed the same level of flavonoids regardless of the stage of its application in breadmaking.



Breads with the preparations added to the dough exhibited a greater amount of phenolic acid (up to six times) and flavonols (up to four times) compared to bread where the additives were applied at the sourdough stage (Table 12).



It was noted that in the case of anthocyanins, the extruded preparations did not bring the intended results in the fortified bread, as they were practically absent in the final product. This could be attributed to the instability of these compounds, particularly anthocyanins, which are known to be highly sensitive to various factors such as temperature, pH, and enzymatic activity during processing [71]. Therefore, it can be suggested that the lack of anthocyanin increase in breads with pulp preparations is caused, apart from thermal degradation, also by the use of wheat and rye flour, which contains enzymes, and sourdough, with low pH.



The antioxidant potential of the breads enriched with the extruded preparations was significantly greater than the standard (from 30 to 310%), while the addition of the extruded preparation at the dough stage was more favorable than at the sourdough stage in terms of the antioxidant activity of enriched breads. A significant correlation was found between TPC and ABTS, indicating a strong relationship between the total phenolic content and the antioxidant capacity of the samples (r = 0.862). It is important to note that apart from phenolic compounds, other substances present in the breads may have contributed to their antiradical capacity. For instance, high-temperature Maillard reaction products formed during the baking process are known to possess antioxidant properties. Additionally, other antioxidant components such as carotenoids and glutathione, which were not assessed in this study, could have also contributed to the overall antioxidant activity of the breads [72,73].



Many authors have reported the loss of polyphenols during baking [74,75,76] as a result of their thermolability, and in the case of phenolic acids, the effect of thermal decarboxylation of these compounds to, e.g., 4-vinyl guaiacol [74]. Losses of polyphenols, mainly flavonoids, may also be the result of a combination of several processes, i.e., oxidation, isomerization, epimerization, and their degradation, both during baking [76] and at other stages of bread production [75]. In addition, the losses of these phenolic compounds may be caused by the formation of complexes with polysaccharides and proteins [76,77]. This is confirmed by research by Świeca [3], who observed the formation of polyphenol–protein and polyphenol–polysaccharides complexes, which results in lower antioxidant activity of enriched breads. That is why the form of the supplement, its quantity, and the stage of application are so important. The research in this study showed that only a 5% addition of extruded preparation from rice flour and maltodextrin with the inclusion of red potato pulp increased the content of total polyphenols and all their groups, from low-molecular phenolic acid to high-molecular flavonoids. It can therefore be speculated that this form of added preparation resulted in a certain elimination of polyphenol–protein and polyphenol–polysaccharide combinations, where polysaccharides and proteins were derived from the wheat and rye flour used for baking bread. The extruded formulation, consisting of rice flour and maltodextrin, acted as a protective coating for the polyphenols derived from potato pulp. This protective coating prevented the interaction of phenolic antioxidants with proteins and polysaccharides present in the bread through various mechanisms, including hydrophobic and ionic interactions, as well as hydrogen and covalent binding. As a result, the phenolic antioxidants were effectively preserved and retained in the bread, contributing to its overall antioxidant activity [78,79]. However, taking into account the stage of application of the additive for the content of antioxidants and the antioxidant status of enriched breads, it was observed that the application of the additive to the dough is more advantageous than its addition to the sourdough. Most likely, the addition of the extruded preparation to the sourdough could cause hydrolysis of the coating of this preparation made of maltodextrin and rice flour by the enzymes, which results in a high concentration of sugars, rapid fermentation, and the possibility of the formation of indigestible complexes of polyphenols from the red potato pulp of these preparations with protein present in breads. Hence, the antioxidant activity of breads with preparations added to the sourdough is lower than when such preparations are added to the dough. This antioxidant activity is 3.5 times lower in breads with preparations added to the sourdough than to the dough. This would confirm an earlier study by Świeca et al. [3], who see the main reason for the low antioxidant activity of the products as the complexation of polyphenols with proteins into insoluble compounds.





4. Conclusions


The conducted research shows that the stage at which a preparation with red potato pulp in the composition was added during bread manufacture was an important factor affecting the quality and nutritional and health-promoting value of the product.



We concluded that in order to obtain breads of better quality (greater volume and lower hardness) and higher nutritional value, the preparations with red potato pulp should be added at the sourdough fermentation stage rather than directly to the dough at the kneading step. In contrast, for elevating the health-promoting value of bread, one should add preparations with red potato pulp directly to the dough, rather than fermented at the stage of sourdough formation. In this research, it was found that breads with red potato pulp added to the dough were characterized by 4.5 times more polyphenols (3.5 times more flavonoids, 6 times more phenolic acids, and 4.5 times more flavonols) and greater antioxidant activity as compared to breads with these preparations added to the sourdough.
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Figure 1. Simplified diagram of bread manufacture process used in the study. 
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Figure 2. (a) Differential molecular mass distributions of preparations. (b) Differential molecular mass distributions of polysaccharide fractions from bread crumb where preparations were added to the dough. (c) Differential molecular mass distributions of polysaccharide fractions from bread crumb where preparations were added to the sourdough. 
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Table 1. Bread formulations.






Table 1. Bread formulations.





	
Bread Type

	
Sourdough

	
Wheat Flour

	
Rye Flour

	
Water

	
Baker’s Yeast

	
Salt

	
Preparation






	

	
(g)




	
SB

	
289 (rye flour)

	
200

	
40

	
131

	
2

	
8

	
-




	
E0PP_T1

	
289 (rye flour)

	
190

	
30

	
131

	
2

	
8

	
20 (E0PP)




	
E30PP_T1

	
289 (rye flour)

	
190

	
30

	
131

	
2

	
8

	
20 (E30PP)




	
E40PP_T1

	
289 (rye flour)

	
190

	
30

	
131

	
2

	
8

	
20 (E40PP)




	
E0PP_T2

	
289 (rye flour),

30 (E0PP)

	
190

	
50

	
131

	
2

	
8

	
-




	
E30PP_T2

	
289 (rye flour),

30 (E30PP)

	
190

	
50

	
131

	
2

	
8

	
-




	
E40PP_T2

	
289 (rye flour),

30 (E40PP)

	
190

	
50

	
131

	
2

	
8

	
-
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Table 2. Basic chemical characteristics of obtained preparations.






Table 2. Basic chemical characteristics of obtained preparations.





	
Sample name

	
Chemical Composition




	
Protein

	
Fat

	
Starch

	
Ash

	
Carbohydrates




	
(g/100 g DM)




	
E0PP

	
0.28 c ± 0.03

	
0.39 c ± 0.01

	
89.27 a ± 0.08

	
0.12 a ± 0.00

	
10.44 a ± 0.02




	
E30PP

	
2.81 b ± 0.00

	
0.45 b ± 0.00

	
75.74 b ± 0.15

	
1.95 b ± 0.00

	
8.55 b ± 0.02




	
E40PP

	
3.64 a ± 0.04

	
0.52 a ± 0.01

	
73.66 c ± 0.08

	
2.35 c ± 0.00

	
5.67 c ± 0.02




	

	
Dietary fiber




	

	
Soluble fraction

	
Insoluble fraction

	
Total




	

	
(g/100 g DM)




	
E0PP

	
0.02 c ± 0.02

	
0 c ± 0

	
0.02 c ± 0.02




	
E30PP

	
1.09 b ± 0.05

	
0.70 b ± 0.04

	
1.79 b ± 0.01




	
E40PP

	
1.21 a ± 0.02

	
1.14 a ± 0.03

	
2.35 a ± 0.05




	

	
Total phenolic content—with F-C (mg catechin/100 g DM)

	
Total phenolic content—without F-C (mg catechin/100 g DM)

	
ABTS (mMTx/kg DM)




	
E0PP

	
73.95 c ± 0.54

	
8.58 c ± 0.43

	
13.67 c ± 0.02




	
E30PP

	
905.98 b ± 1.6

	
651.26 b ± 2.02

	
70.48 b ± 0.67




	
E40PP

	
1135.69 a ± 1.63

	
807.93 a ± 1.26

	
78.33 a ± 0.41




	

	
The other phenolic compounds




	

	
Phenolic acids (mg gallic acid/100 g DM)

	
Flavonols

(mg quercetin/100 g DM)

	
Anthocyanins

(mg cyanidin-3-glucoside/100 g DM)

	
Flavonoids

(mg rutin/100 g DM)




	
E0PP

	
0.00 c ± 0.00

	
0.00 c ± 0.00

	
0.00 c ± 0.00

	
1.22 c ± 0.07




	
E30PP

	
89.50 b ± 2.82

	
31.31 b ± 1.74

	
2.64 b ± 0.06

	
266.44 b ± 0.91




	
E40PP

	
116.6 a ± 6.40

	
45.93 a ± 2.00

	
4.10 a ± 0.01

	
358.56 a ± 1.03








The data are expressed as the mean ± standard deviation, with a minimum sample size of 2 (values denoted by the same letters in respective columns and within the analyzed parameter do not show statistically significant differences at the 0.05 level).
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Table 3. Total titratable acidity (TTA) and pH of rye sourdough (standard) and sourdough with selected preparations.






Table 3. Total titratable acidity (TTA) and pH of rye sourdough (standard) and sourdough with selected preparations.





	
Type of Sourdough

	
pH

	
TTA [mL 1 M NaOH/100 g Sample]




	

	
0

	
24 h

	
48 h

	
0

	
24 h

	
48 h






	
standard

	
6.11 cC ± 0.02

	
3.96 aB ± 0.05

	
3.89 aA ± 0.04

	
1.02 aA ± 0.12

	
10.31 aB ± 0.38

	
14.64 aC ± 0.65




	
E0PP

	
6.10 cC ± 0.02

	
3.98 aB ± 0.01

	
3.83 aA ± 0.01

	
1.73 abA ± 0.10

	
9.84 aB ± 0.14

	
14.77 abC ± 0.29




	
E30PP

	
5.85 bC ± 0.01

	
3.95 aB ± 0.01

	
3.89 aA ± 0.01

	
1.71 bA ± 0.03

	
9.87 aB ± 0.04

	
15.18 abC ± 0.58




	
E40PP

	
5.78 aC ± 0.01

	
4.00 aB ± 0.01

	
3.85 aA ± 0.01

	
2.27 cA ± 0.10

	
11.89 bB ± 0.03

	
15.93 bC ± 0.21








The data are reported as the mean ± standard deviation, with a minimum sample size of 4 (values denoted by the same lowercase letters within respective columns are not statistically significant at the 0.05 level; values denoted by the same uppercase letters within respective rows are not statistically significant at the 0.05 level).
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Table 4. Results of pH and acidity determinations for dough and bread crumb.






Table 4. Results of pH and acidity determinations for dough and bread crumb.





	
Type of Dough and Bread

	
Initial pH of Dough

	
pH of Dough after Fermentation

	
Initial TTA of Dough

	
Dough TTA after Fermentation

	
TTA of Bread Crumb




	
mL 1 M NaOH/100 g Sample






	
SB

	
4.33 b ± 0.01

	
4.28 c ± 0.01

	
6.65 bc ± 0.65

	
7.11 c ± 0.18

	
5.95 b ± 0.26




	
E0PP_T1

	
4.29 c ± 0.00

	
4.28 c ± 0.01

	
7.39 a ± 0.47

	
8.13 b ± 0.07

	
5.96 b ± 0.01




	
E30PP_T1

	
4.32 b ± 0.01

	
4.35 a ± 0.01

	
6.65 bc ± 0.37

	
8.62 ab ± 0.13

	
6.49 a ± 0.15




	
E40PP_T1

	
4.37 a ± 0.01

	
4.33 ab ± 0.01

	
6.27 c ± 0.38

	
8.04 b ± 0.42

	
6.60 a ± 0.0




	
E0PP_T2

	
4.38 a ± 0.01

	
4.34 a ± 0.01

	
5.86 c ± 0.23

	
6.84 c ± 0.46

	
6.59 a ± 0.0




	
E30PP_T2

	
4.32 b ± 0.01

	
4.34 a ± 0.01

	
6.77 bc ± 0.15

	
8.98 a ± 0.07

	
6.50 a ± 0.14




	
E40PP_T2

	
4.37 a ± 0.01

	
4.31 b ± 0.01

	
6.32 c ± 0.06

	
8.62 ab ± 0.41

	
6.10 b ± 0.15








The data are presented as the mean ± standard deviation, with a minimum sample size of 4 (values denoted by the same letters within respective columns are not statistically significant at the 0.05 level).
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Table 5. Qualitative features of bread made using the tested preparations.
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	Type of

Bread
	Weight of Loaf

(g)
	Volume (cm3)
	Yield (%)
	Baking Loss (%)





	SB
	83.7 a ± 0.9
	198.13 b ± 1.83
	140.26 a ± 1.51
	16.26 b ± 0.90



	E0PP_T1
	82.98 ab ± 0.52
	192.16 d ± 1.91
	139.00 ab ± 0.88
	17.01 ab ± 0.52



	E30PP_T1
	83.04 ab ± 0.67
	189.21 e ± 2.25
	139.10 ab ± 1.13
	16.96 ab ± 0.68



	E40PP_T1
	83.11 ab ± 0.32
	189.39 e ± 0.89
	139.22 ab ± 0.53
	16.89 ab ± 0.32



	E0PP_T2
	82.59 b ± 0.24
	206.68 a ± 1.16
	138.33 b ± 0.40
	17.41 a ± 0.24



	E30PP_T2
	83.25 ab ± 0.53
	197.89 b ± 0.77
	139.45 ab ± 0.89
	16.75 ab ± 0.53



	E40PP_T2
	83.05 ab ± 0.11
	195.17 c ± 2.16
	139.10 ab ± 0.19
	16.95 ab ± 0.11







The data are presented as the mean ± standard deviation, with a minimum sample size of 6 (values denoted by the same letters within respective columns are not statistically significant at the 0.05 level).
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Table 6. Color parameters for obtained bread.






Table 6. Color parameters for obtained bread.





	
Type of

Bread

	
Crumb

	
Crust




	
L*

	
a*

	
b*

	
ΔE

	
L*

	
a*

	
b*

	
ΔE






	
SB

	
60.70 a ± 0.39

	
4.00 f ± 0.03

	
19.25 de ± 0.06

	
-

	
52.62 b ± 0.32

	
16.82 b ± 0.19

	
36.82 a ± 0.14

	
-




	
E0PP_T1

	
59.27 b ± 0.35

	
4.14 e ± 0.05

	
19.42 d ± 0.14

	
1.46 c ± 0.33

	
48.18 c ± 0.27

	
17.54 a ± 0.09

	
33.60 d ± 0.15

	
5.53 d ± 0.31




	
E30PP_T1

	
53.43 c ± 0.16

	
7.23 c ± 0.04

	
24.62 b ± 0.06

	
9.60 b ± 0.11

	
45.06 e ± 0.14

	
14.37 c ± 0.16

	
25.19 e ± 0.40

	
14.09 a ± 0.41




	
E40PP_T1

	
50.99 d ± 0.30

	
7.96 b ± 0.06

	
25.46 a ± 0.14

	
12.19 d ± 0.17

	
43.91 f ± 1.10

	
17.54 a ± 0.52

	
30.09 c ± 0.43

	
11.04 b ± 1.16




	
E0PP_T2

	
60.71 a ± 0.24

	
3.97 f ± 0.06

	
19.13 e ± 0.15

	
0.28 d ± 0.09

	
55.96 a ± 0.29

	
9.78 d ± 0.08

	
24.71 f ± 0.17

	
14.40 a ± 0.19




	
E30PP_T2

	
53.37 c ± 0.34

	
7.10 d ± 0.05

	
24.09 c ± 0.30

	
9.32 b ± 0.37

	
43.81 f ± 0.50

	
17.16 b ± 0.39

	
29.03 d ± 0.48

	
11.78 b ± 0.56




	
E40PP_T2

	
50.82 d ± 0.32

	
8.04 a ± 0.05

	
24.74 b ± 0.12

	
12.01 d ± 0.21

	
47.02 d ± 1.04

	
15.88 c ± 0.39

	
28.94 d ± 0.56

	
9.75 c ± 0.85








The data are presented as the mean ± standard deviation, with a minimum sample size of 6 (values denoted by the same letters within respective columns are not statistically significant at the 0.05 level).
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Table 7. Changes in the moisture content of the tested bread during storage.
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Type of

Preparation Used

	
Crumb Moisture (g/100 g)




	
Baking Day

	
After 24 h

	
After 48 h






	
SB

	
43.14 Ab ± 0.51

	
41.75 aA ± 0.36

	
41.20 aA ± 0.14




	
E0PP_T1

	
42.34 bB ± 0.32

	
40.50 cA ± 0.44

	
40.20 bA ± 0.08




	
E30PP_T1

	
42.44 bC ± 0.23

	
40.96 bcB ± 0.26

	
39.07 cA ± 0.02




	
E40PP_T1

	
42.37 bB ± 0.40

	
41.72 aB ± 0.40

	
40.11 bA ± 1.09




	
E0PP_T2

	
41.54 cC ± 0.35

	
40.96 bcB ± 0.11

	
40.03 bA ± 0.34




	
E30PP_T2

	
41.53 cB ± 0.29

	
41.37 abB ± 0.10

	
40.60 abA ± 0.21




	
E40PP_T2

	
42.05 bcB ± 0.38

	
41.85 aA ± 0.24

	
41.15 aA ± 0.21








The data are expressed as the mean ± standard deviation, with a minimum sample size of 4. Within each column, values sharing the same lower-case letters are not statistically significant at the 0.05 level. Likewise, within each row, values sharing the same upper-case letters are not statistically significant at the 0.05 level.
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Table 8. Changes in textural characteristics of the tested bread during storage.
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Type of Bread

	
Hardness (N)

	
Cohesiveness (-)




	
Baking Day

	
After 24 h

	
After 48 h

	
Baking Day

	
After 24 h

	
After 48 h






	
SB

	
10.20 abA ± 1.27

	
19.98 cdB ± 0.09

	
27.16 aC ± 0.12

	
0.77 abC ± 0.02

	
0.60 abB ± 0.01

	
0.52 abA ± 0.0




	
E0PP_T1

	
11.34 aA ± 1.12

	
22.45 aAB ± 0.30

	
30.79 aB ± 8.25

	
0.75 cC ± 0.01

	
0.61 abB ± 0.01

	
0.51 abA ± 0.01




	
E30PP_T1

	
10.50 aA ± 0.90

	
20.65 bB ± 0.14

	
24.80 aC ± 0.02

	
0.79 bcC ± 0.01

	
0.63 bB ± 0.00

	
0.51 abA ± 0.02




	
E40PP_T1

	
9.81 abcA ± 0.14

	
21.09 abB ± 0.26

	
26.97 aB ± 3.78

	
0.80 aC ± 0.01

	
0.62 aB ± 0.02

	
0.53 aA ± 0.02




	
E0PP_T2

	
8.10 cA ± 0.12

	
15.42 dB ± 0.59

	
23.24 aC ± 1.07

	
0.77 abcC ± 0.00

	
0.58 bB ± 0.02

	
0.49 abA ± 0.03




	
E30PP_T2

	
8.08 cA ± 0.46

	
18.52 cB ± 0.80

	
22.51 aB ± 2.05

	
0.79 abC ± 0.00

	
0.59 abB ± 0.00

	
0.51 abA ± 0.00




	
E40PP_T2

	
8.52 bcA ± 0.01

	
19.73 bcB ± 1.30

	
23.18 aC ± 0.19

	
0.78 abcC ± 0.00

	
0.60 abB ± 0.01

	
0.47 bA ± 0.03








The data are expressed as the mean ± standard deviation, with a minimum sample size of 4. Within each column, values sharing the same lower-case letters are not statistically significant at the 0.05 level. Likewise, within each row, values sharing the same upper-case letters are not statistically significant at the 0.05 level.
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Table 9. Chemical composition of obtained breads.
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Type of Bread

	
Protein

	
Fat

	
Ash

	
Dietary Fiber




	
Insoluble

	
Soluble

	
Total




	
(g/100 g DM)






	
SB

	
10.69 d ± 0.03

	
1.92 a ± 0.02

	
2.77 c ± 0.01

	
2.49 e ± 0.06

	
2.28 f ± 0.03

	
4.77 g ± 0.03




	
E0PP_T1

	
10.68 d ± 0.11

	
1.96 a ± 0.03

	
2.76 c ± 0.02

	
2.68 d ± 0.03

	
2.41 c ± 0.02

	
5.09 f ± 0.02




	
E30PP_T1

	
10.73 cd ± 0.05

	
1.72 bc ± 0.02

	
2.81 b ± 0.00

	
2.98 c ± 0.02

	
2.87 b ± 0.01

	
5.84 d ± 0.02




	
E40PP_T1

	
10.86 b ± 0.02

	
1.96 a ± 0.04

	
2.87 a ± 0.00

	
3.46 b ± 0.02

	
3.07 a ± 0.01

	
6.53 b ± 0.01




	
E0PP_T2

	
10.93 da ± 0.01

	
1.68 c ± 0.05

	
2.78 c ± 0.00

	
2.75 d ± 0.02

	
2.48 c ± 0.05

	
5.22 e ± 0.03




	
E30PP_T2

	
10.84 bc ± 0.04

	
1.89 a ± 0.02

	
2.82 b ± 0.01

	
3.08 c ± 0.05

	
2.87 b ± 0.05

	
5.95 c ± 0.00




	
E40PP_T2

	
10.83 bc ± 0.02

	
1.78 b ± 0.02

	
2.92 a ± 0.00

	
3.55 a ± 0.02

	
3.14 b ± 0.04

	
6.69 a ± 0.02








The data are presented as the mean ± standard deviation, with a minimum sample size of 2. Within each column, values sharing the same letters are not statistically significant at the 0.05 level.
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Table 10. Structural parameters of tested samples.






Table 10. Structural parameters of tested samples.





	
Sample

	
Mn·10−3

	
Mw·10−5

	
ƉƉ




	
(g·mol−1)






	
E0PP

	
61.78

	
11.39

	
18.4




	
E30PP

	
51.13

	
8.73

	
17.1




	
E40PP

	
52.69

	
8.12

	
15.4




	
SB

	
47.28

	
9.20

	
19.45




	
E0PP_T1

	
45.71

	
9.70

	
21.20




	
E30PP_T1

	
35.00

	
8.71

	
24.85




	
E40PP_T1

	
36.41

	
8.64

	
23.75




	
E0PP_T2

	
58.42

	
10.57

	
18.15




	
E30PP_T2

	
35.69

	
8.65

	
24.30




	
E40PP_T2

	
34.81

	
8.70

	
25.0
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Table 11. Phenolic compounds and antioxidant activity of enriched breads.






Table 11. Phenolic compounds and antioxidant activity of enriched breads.





	
Type of

Bread

	
Total Phenolic Content

(mg Catechin/100 g DM)

	
ABTS

(mMTx/kg DM)




	
with F-C

	
without F-C






	
SB

	
151.82 f ± 0.77

	
149.49 de ± 2.44

	
14.31 f ± 0.00




	
E0 PP_T1

	
161.51 e ± 2.33

	
147.76 e ± 9.77

	
20.35 e ± 1.20




	
E30PP_T1

	
255.18 c ± 0.0

	
223.75 b ± 9.77

	
30.39 c ± 1.64




	
E40PP_T1

	
1308.36 a ± 0.0

	
975.07 a ± 7.33

	
58.48 a ± 1.06




	
E0PP_T2

	
133.85 g ± 0.78

	
137.39 e ± 0.0

	
18.33 e ± 1.08




	
E30PP_T2

	
189.72 d ± 1.55

	
163.30 d ± 2.45

	
24.97 d ± 0.76




	
E40PP_T2

	
269.41 b ± 3.10

	
204.76 c ± 2.44

	
42.52 b ± 1.28








The data are presented as the mean ± standard deviation, with a minimum sample size of 3. Within each column, values sharing the same letters are not statistically significant at the 0.05 level.
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Table 12. Content of other phenolic compounds in enriched breads.






Table 12. Content of other phenolic compounds in enriched breads.





	Type of

Bread
	Phenolic Acids

(mg Gallic Acid/100 g DM)
	Flavonols

(mg Quercetin/100 g DM)
	Anthocyanins (mg Cyanidin-3-Glucoside/100 g DM)
	Flavonoids

(mg Rutin/100 g DM)





	SB
	7.16 e ± 0.33
	2.11 c ± 0.40
	1.8 b ± 1.1
	8.04 e ± 0.0



	E0PP_T1
	8.35 de ± 0.68
	0.00 d ± 0.0
	0.0 c ± 0.0
	12.69 d ± 0.60



	E30PP_T1
	15.76 b ± 1.01
	6.94 b ± 0.81
	8.0 a ± 1.1
	24.94 b ± 1.20



	E40PP_T1
	70.24 a ± 0.34
	24.87 a ± 1.20
	0.0 c ± 0.0
	76.91 a± 2.98



	E0PP_T2
	5.24 f ± 0.34
	0.97 cd ± 0.40
	0.0 c ± 0.0
	12.69 d ± 0.60



	E30PP_T2
	8.59 d ± 0.34
	1.82 c ± 0.0
	0.0 c ± 0.0
	19.03 c ± 1.20



	E40PP_T2
	13.13 c ± 0.0
	5.80 b ± 0.81
	2.6 b ± 0.0
	22.41 b ± 1.20







The data are presented as the mean ± standard deviation, with a minimum sample size of 3. Within each column, values sharing the same letters are not statistically significant at the 0.05 level.
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