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Abstract
The aim of the study was to analyze the influence of rapeseed protein isolate on physico-chemical properties, sensory attrib-
utes and storage of gluten-free bread prepared on the basis of corn and potato starch mixture with the addition of pectin 
and guar gum. Starches used in bread formulation were replaced with rapeseed protein isolate in the amounts 6–15%. The 
bread was characterized in terms of physical properties, including volume, crumb structure and color, which was accom-
panied with sensory assessment. Texture and thermal properties were determined during 3 days of storage. It was observed 
that the presence of rapeseed protein, especially at higher levels, caused an increase in bread volume and density of pores 
and a decrease in crumb porosity, as compared to the control. Partial replacement of starch with rapeseed protein caused a 
significant increase of b* parameter, reflecting rising yellowness, which positively influenced bread acceptance. Rapeseed 
protein limited bread staling during storage in comparison to control sample. The results demonstrate that rapeseed protein 
could become a valuable component of gluten-free bread, as it provides valuable amino acids, but also beneficially influ-
ences quality characteristics.
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Introduction

Due to protein deficiency, gluten-free bread, which is often 
based on starches of various botanical origin [1–3] and struc-
ture forming non-starch hydrocolloids, usually reveals rela-
tively low nutritional value. According to Melini et al. [4], 
commercial gluten-free bread mixes contain mostly carbohy-
drates, including rapidly digested starch, which significantly 

increases the value of glycemic index of such products. Such 
bread formulations also have adverse effects on the supply 
of protein and thus amino acids in the diet [5–7]. Lack of 
protein in gluten-free carbohydrate-based bread adversely 
affects the sensory characteristics, especially the color and 
aroma [4, 8]. Many authors indicate that the addition of pro-
teins of various origins results in a darker color of the crumb 
[9–12] which is desired by consumers as associated with 
traditional bread. The contribution of protein to the aroma of 
bread during baking is also an important factor influencing 
the sensory characteristics and improving the acceptability 
of this type of product [13]. In the literature can be find 
numerous data on enriching gluten-free bread with protein, 
whether using gluten-free flours containing native proteins 
or using isolates or concentrates of plant or animal proteins 
[14–20]. These proteins, in addition to improving nutritional 
value, can positively affect the structure and sensory charac-
teristics of the finished product.

Rapeseed protein can be used as a novel food ingredient, 
in the production of gluten-free products, including bread, 
on the basis of the Commission Implementing Decision of 1 
July 2014 [21]. According to the definition given in the deci-
sion, rapeseed protein isolate is a protein-rich (> 90%) water 
extract derived from a press cake left after the extraction of 
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oil from genetically unmodified varieties of Brassica napus 
L. and Brassica rapa L. Rapeseed protein isolate can be used 
in processing as a food ingredient due to its balanced amino 
acid composition and such functional properties as the abil-
ity to form foams and gels and to stabilize emulsions [22, 
23]. Favorable amino acid profile, surpassing soy protein 
isolate and comparable with FAO/WHO/UNU standard is 
a major benefit of rapeseed protein isolate from nutritional 
point of view [23].

The use of proteins of various origins in gluten-free prod-
uct technology, including bread, is already widely described 
in the literature on the subject [6], but there is no informa-
tion about the possibility of using rapeseed protein isolate 
as a component enriching, structuring and improving the 
sensory characteristics of bread. The aim of the study was 
to assess the effect of rapeseed protein isolate on physical 
properties, sensory characteristics and staling of gluten-free 
bread during 3-day storage.

Materials and methods

Materials

Gluten-free bread was manufactured using the following 
components: corn starch (Bezgluten, Poland), potato starch 
(PPZ Trzemeszno, Poland), guar gum (Bezgluten, Poland), 
pectin (Bezgluten, Polska), freeze-dried yeast (S.I. Lesaffre, 
France), sucrose, salt, rapeseed oil (acquired from a local 
store), water and rapeseed protein isolate (Raptein™90) 
containing 96.33% d.b. protein according to the producer 
(NapiFeryn BioTech, Łódź, Poland).

Methods

Dough preparation and baking of gluten‑free bread

The dough for gluten-free bread was obtained from the fol-
lowing ingredients and additives: corn starch and potato 
starch (mixed in a ratio 4:1) 600 g, rapeseed oil 18 g, sucrose 
12 g, salt 11.5 g, pectin 10 g, guar gum 10 g and water 570 g. 
In non-control samples, part of starches were replaced in 
proportion to the share in the blend with rapeseed protein 
isolate at 6, 9, 12 or 15% level calculated in relation to the 
total weight of both starches. The amount of water needed 
for individual formulations was established in preliminary 
studies with the use of texture analyzer TA-XT2+ equipped 
with back extrusion rig (A/BE-d 35) (Stable Micro Systems, 
England). These studies checked the amount of water needed 
to make a dough of the same consistency (hardness) as the 
control dough. It is assumed that the maximum difference 
in hardness compared to the control dough can be up to 5%.

After weighing, all dough ingredients were mixed for 
8 min (Laboratory Spiral Mixer SP 12, Diosna, Germany). 
The resulting dough was fermented for 15 min (35  °C, 
80% relative humidity) and re-mixed for 1 min. Pieces of 
dough (250 g) were weighed into greased metal tins. The 
final proofing lasted 20 min under the conditions as stated 
before. Loaves were baked for 30 min at 230 °C (MIWE 
Condo deck oven type CO 2 0608, MIWE GmbH, Ger-
many). After being, the breads were removed from the tins, 
cooled at ambient temperature and used for further analyses. 
To evaluate changes in texture parameters during storage, 
some samples were packed in polyethylene bags and stored 
at 22 ± 2 °C.

Nutritional composition of bread

The protein content of the analyzed bread was determined by 
the Kjeldahl method (N × 5.7) according to the AOAC No. 
950.36 methodology, using the B324 distillation unit (Büchi 
Labortechnik, Switzerland), fat content by the Soxhlet 
method in accordance with AOAC procedure No. 935.38, 
using Büchi B811 extractor (Büchi Labortechnik, Switzer-
land), total carbohydrates by AOAC Method No. 974 and 
dietary fiber content determined by enzymatic–gravimetric 
method using Megazyme test kit (Megazyme International 
Ireland Ltd., Ireland) according to AOAC 991.43 [24].

Physical characteristics of bread

Bread volume was determined using a laser-based non-con-
tact volume measurement instrument Volscan 600 (Stable 
Micro Systems, England). The image analysis was carried 
out for 1-cm-thick slices taken from the inner parts of each 
loaf, which were scanned with a flatbed scanner S-12. The 
recorded images were analyzed with the ImageJ v. 1.44c 
software. Porosity (area of pores divided by total area), cell 
density (the number of pores per area unit) and the percent-
age of pores with diameter above 5 mm were calculated.

Color and sensory acceptance of the bread

Analysis of crumb color in CIE L*a*b* system was per-
formed by reflection method using Color i5 (X-Rite, USA) 
spectrometer with the following settings: geometry d/8, illu-
minant D65, observer 10°, aperture 25 mm.

Sensory acceptance of bread was performed by a sensory 
panel composed of 14 persons with established sensory sen-
sitivity. The method of sensory evaluation was based on the 
analysis of acceptance of coded bread samples on a seven-
point scale, where 1 means “extremely dislike” and 7 means 
“very like”. The analysis included the following qualitative 
characteristics: overall appearance, structure and porosity, 
color, smell and taste.
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Bread texture

Texture profile analysis (TPA) of bread crumb was per-
formed using texture analyzer TA-XT2plus (Stable Micro 
Systems, England) at compression rate 5 mm/s. Cylindri-
cal bread crumb sample with height and diameter of 2 cm 
was compressed to achieve 50% deformation using a P/20 
aluminum cylindrical probe, in two cycles. The values of 
hardness, springiness, cohesiveness and chewiness were 
used as indicators of crumb texture changes during storage. 
The calculations were done using Texture Exponent software 
(Stable Micro Systems, England). The analyses were carried 
out after 2, 24 and 48 h after baking.

Thermal characteristics of bread

Thermal properties of the bread crumb were determined 
using differential scanning calorimeter DSC 204F1 Phoenix 
(Netzsch, Germany). The loaves after baking were cooled 
for 2 h. After that time, samples (approx. 15 mg) were taken 
for thermal analysis which was also done after 24 and 48 h. 
The samples were hermetically closed in aluminum pans and 
heated in the calorimeter from 20 to 100 °C at a rate 10 °C/
min. Empty pan was used as a reference. Phase transition 
temperatures and enthalpy were calculated using Proteus 
Analysis software (Netzsch, Germany). Enthalpy values 
were expressed in J/g of d.b.

Statistical analysis

To assess the significance of the differences between the 
averages, the data were subjected to a single-factor analysis 
of variance and the differences between the averages were 
determined using Duncan’s post hoc test at a significance 
level of 0.05. To determine the effect of both protein addition 
and storage time, a two-factor ANOVA was also performed 
for the texture profile analysis and thermal properties. The 
relationships between the analyzed parameters were evalu-
ated using the values of Pearson correlation coefficients. 
The calculations were performed using the Statistica 11.0 
(StatSoft Inc., USA).

Results and discussion

Nutritional composition of bread

The control bread contained 1.51% protein, 2.14% fat, 
45.61% carbohydrates and 1.35% dietary fiber. The intro-
duction of rapeseed protein into the recipe contributed to a 
significant (p > 0.05) increase in protein content to 9.60% 
with the highest 15% replacement of starch with a pro-
tein preparation. At the same time, there was a significant 

(p < 0.05) decrease in the carbohydrate content to 38.32% 
with the highest 15% replacement of starch with a protein 
preparation. The enrichment of the dough recipe with rape-
seed protein did not have a significant effect on fatty sub-
stances, the content of which ranged from 2.12 to 2.27%. 
The presence of rapeseed protein also had little effect on 
the level of dietary fiber, the content of which ranged from 
1.35% for the control sample to 1.68% for breads where the 
most starch was replaced by a protein preparation.

Loaf volume

Loaf volume (Fig. 1) is the first parameter allowing to evalu-
ate the influence of ingredients on bread quality. Its lowest 
value was found for control and samples containing 6 and 
9% share of rapeseed protein isolate (RPI). Larger addition 
of RPI (12 and 15% share) resulted in significant (p < 0.01) 
increase in bread volume. Bread volume is controlled, 
among other factors, by the ability of the dough to retain 
fermentation gases. The presence of rapeseed protein in the 
dough did not have a significant impact on its water absorp-
tion and retention, so all analyzed formulations contained 
the same amount of water. Therefore, the concentration of 
protein seems to be the key factor which could influence 
bread volume. Rapeseed protein due to its surface activity 
could stabilize the fermentation gas bubbles closed in the 
crumb structure. A larger volume of bread has a positive 
effect on the acceptance of the bread, so from the consumer’s 
point of view it is a desirable factor. Supplementation of 
gluten-free bread with proteins of various origin results in 
significant, but not uniform changes in its volume. Witc-
zak et al. [25] observed a significant decrease of gluten-free 
bread in which starches were partially replaced with potato 
protein in quantities of 2–10%. Similar decrease was also 
reported after the addition of cricket powder in quantities 
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Fig. 1   Volume of control gluten-free bread (GFB) and samples 
enriched with rapeseed protein (RP). Mean values signed this same 
letters are non-significant different at 0.05 level of confidence
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10 and 20% by weight of flour/starch [9]. In the study of 
Coşkun et al. [12], bread volume decreased after the addi-
tion of various protein concentrates at the level of 1.5%, but 
its extent could be diminished by larger addition of water. 
On the other hand, Phongthai et al. [26] observed increasing 
loaf volume after the enrichment of bread recipe with 2% 
rice protein concentrate and albumin. In addition, Han et al. 
[27] observed an increase in bread volume after replacing 
part of gluten-free flour, at a level of 5–15%, with dried egg 
white. Similar tendency was found by Graça et al. [28] in 
the case of replacement of gluten-free flour and starch in the 
amount of 5–20% with yogurt. In the study of Ziobro et al. 
[8] on the effects of various proteins, replacing 10% of the 
base starch, on characteristics of gluten-free bread, it was 
found that albumin and lupin proteins cause an increase in 
bread volume, while collagen and soy proteins result in its 
reduction.

Physical characteristic of bread crumb

The share of rapeseed protein in the recipe also influenced 
the characteristics of the crumb (Table 1). A significant 
(p < 0.01) decrease in the porosity of the crumb of bread 
with rapeseed protein was found in comparison to the con-
trol sample, although the level of addition of this ingredient 
alone was not significant. Similar decrease was also noticed 
by Witczak et al. [25] after enriching gluten-free bread with 
potato protein between 2 and 10%. The addition of rapeseed 
protein resulted in a significant (p < 0.01) increase in density 
of pores (Table 1), compared to the crumb of control bread. 
The level of protein addition itself was not important here, 
as the highest pore density was found for the bread crumb 
with the lowest and highest share of protein. The presence of 
rapeseed protein in the formulation significantly (p < 0.01) 
reduced the percentage of large pores > 5 mm (Table 1) and, 
as before, the level of protein addition itself was not impor-
tant. The results concerning the characteristics of the crumb 
clearly indicate that the presence of rapeseed protein in the 

bread recipe significantly affects changes in the character-
istics of its structure causing a decrease in porosity, with a 
significant decrease in the number of large pores (> 5 mm) 
and an increase in the number of pores per unit area. This is 
due to the beneficial effect of the protein associated with its 
surface activity and ability of stabilizing the foam structure 
of the crumb. The improvement of crumb porosity under 
the influence of 2% rice proteins and albumin was found by 
Phongthai et al. [26]. According to Bravo-Núñez et al. [29], 
hydration level of protein is another important factor affect-
ing characteristics of bread enriched with such preparations, 
as it affects crumb elasticity and gas retention ability. The 
water content of the rapeseed protein was similar to that of 
the base starch, so replacing part of the starch with this pro-
tein did not alter the hydration level, regardless of the level 
of the replacement. An increase in the porosity of the bread 
crumb after replacing in the recipe 10 and 20% of the base 
starch with the hemp protein concentrate was observed by 
Korus et al. [10]. In addition, da Rosa Machado and Thys 
[9] reported an increase in crumb porosity and pore density, 
after the application of 10 or 20% cricket powder which was 
accompanied by a decrease in the number of large pores. An 
increase in porosity with a simultaneous decrease in pore 
density was also found by Ziobro et al. [8] when 10% of the 
base starches were replaced with protein of various origin 
for gluten-free bread enrichment.

Changes in the characteristics of the crumb are also con-
firmed by its photographs shown in Fig. 2. The structure of 
the control bread was characterized by the presence of many 
pores of considerable size (Fig. 2a, b). The presence of pro-
tein, already in the lowest concentration, affected the image 
of the crumb structure, as a decrease in the number of large 
pores could be observed (Fig. 2c). A clear decrease in the 
number of large pores and an increase in the number of fine 
pores could be observed on the crumb images of samples 
with increasing content of rapeseed protein (Fig. 2d–f). The 
crumb of this bread was more homogenous with more evenly 
distributed pores of smaller sizes. Such crumb structure is 
more desirable and acceptable by consumers. The images of 
the crumb structure shown in Fig. 2 also indicate the darken-
ing of the color caused by the presence of rapeseed protein 
in the recipe.

The color of the bread crumb

Partial replacement of starch with rapeseed protein iso-
late caused a significant (p < 0.01) change in crumb color 
(Table 2). The lowest proportion of rapeseed protein in the 
recipe caused a slight increase in brightness (L*) and a* 
parameter with a very high increase in b* value, which indi-
cates an increasing proportion of yellow. Further increase 
in the amount of rapeseed protein in the recipe resulted in a 
slight decrease in crumb brightness compared to the control 

Table 1   Digital image analysis parameters of gluten-free bread crumb

Mean value of three replication ± standard deviation
Mean values signed this same letters in particular columns are non-
significant different at 0.05 level of confidence

Sample Porosity (–) Cell density 
(cm−2)

Percentage of 
pores > 5 mm

Control GFB 0.379 ± 0.005c 3.71 ± 0.31a 0.094 ± 0.008c

6% RP 0.332 ± 0.004a 4.80 ± 0.19c 0.054 ± 0.005a

9% RP 0.349 ± 0.008b 4.00 ± 0.28ab 0.076 ± 0.012b

12% RP 0.334 ± 0.021a 4.36 ± 0.47b 0.061 ± 0.008a

15% RP 0.332 ± 0.005a 4.83 ± 0.13c 0.051 ± 0.007a

One-way 
ANOVA—p

< 0.01 < 0.01 < 0.01
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sample with a simultaneous increase in a* value, which at 
12 and 15% protein concentration was slightly positive indi-
cating a small prevalence of red over green. The increase in 
rapeseed protein concentration resulted in further increase 
in b* value corresponding to the proportion of yellow. The 
ΔE value (Table 2) calculated on the basis of the obtained 

data indicates significant differences in the color of bread 
supplemented with rapeseed protein isolate compared to the 
control sample. The differences are also noticeable in the 
crumb photographs shown in Fig. 2. The control sample 
(Fig. 2a) is characterized by a distinctly lighter color, char-
acteristic for starch-based bread. The presence of rapeseed 

Fig. 2   Images of control gluten-
free bread (a, b) and samples 
with rapeseed protein 6% (c), 
9% (d), 12% (e) and 15% (f)
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protein clearly changes the character of the color to a slightly 
darker one with a yellow saturation, which is characteristic 
for traditional bread. This is due to the introduction of amino 
acids involved in the creation of Maillard reaction products 
responsible for the color during baking. To sum up, it can 
be concluded that the introduction of rapeseed protein into 
the recipe had a positive effect on the changes in the color of 
the crumb. A decrease in L* value and simultaneous increase 
in b* value was earlier observed by da Rosa Machado and 
Thys [9] who were applying 10 or 20% of cricket powder, 
as gluten-free bread component and Korus et al. [10] who 
enriched gluten-free bread with hemp protein, replacing 
the base starches in quantities of 10 and 20%. In addition, 
Pico et al. [11] and Coşkun et al. [12] found a darker color 
of gluten-free bread enriched with protein preparations of 
various origin. The darker color of gluten-free bread due to 
the replacement of the mixture of rice flour and corn starch 
with 5–20% sunflower protein concentrate was observed by 
Zorzi et al. [20].

Sensory acceptance of the bread

From the consumer’s point of view, sensory properties are 
the most important factor having a significant impact on the 
quality of the finished product. The influence of the use of 
rapeseed protein isolate in the recipe on the sensory accept-
ance of gluten-free bread is shown in Fig. 3. The results 
obtained during the analysis clearly indicate a significant 
influence of the applied ingredient on the sensory character-
istics of the bread. In the case of appearance, an increase in 
its acceptability was noted in relation to the control bread. 
However, the highest acceptability was found for bread with 
the lowest 6% addition of rapeseed protein, and the increase 
in its level caused a decrease in the acceptability of the 
appearance of the bread. Nevertheless, the bread with the 
highest protein content was still more acceptable than the 
control sample. Similarly, the structure and porosity were 
more acceptable when the share of rapeseed protein in the 
bread recipe was 6 and 9%, while at 12 and 15% level of this 
component the acceptability of the structure and porosity 

was reduced in comparison to the control sample. The pres-
ence of rapeseed protein in the bread recipe significantly 
increased the acceptability of crumb color. While the lowest 
6% addition of protein significantly increased the accept-
ability of color, further increase in its content had no signifi-
cant effect. The increase in acceptability of the crumb color 
is associated with a slightly darker color and a significant 
increase in b* value indicating increasing proportion of yel-
low. Improvement of gluten-free bread color after its sup-
plementation with proteins of various origin in quantities 
between 2 and 10% was earlier observed by Ziobro et al. [8], 
Korus et al. [10] and Witczak et al. [25]. A linear correlation 
(r = 0.84) was observed between the sensory acceptability 
of the color and the values of b*. The results of the evalu-
ation of smell acceptability (Fig. 3) indicate a significantly 
higher evaluation for breads with rapeseed protein compared 
to the control sample. However, the level of protein addition 
alone was not significant. The increase in smell acceptabil-
ity results from the introduction of protein into the recipe, 
which together with carbohydrates during baking creates an 
aroma characteristic of traditional bread. The introduction of 
rapeseed protein into the recipe clearly enriched the aroma 
of the bread, which, for a control sample, is based mainly 
on volatile compounds released by cooked starch, and thus 

Table 2   Color parameters of 
gluten-free bread crumb

Mean value of five replication ± standard deviation
Mean values signed this same letters in particular columns are non-significant different at 0.05 level of 
confidence

Sample L* a* b* ΔE

Control GFB 75.9 ± 0.36d − 1.9 ± 0.07a 13.1 ± 0.24a –
6% RP 77.0 ± 0.17e − 0.8 ± 0.05b 23.9 ± 0.19b 10.9 ± 0.31
9% RP 75.0 ± 0.20c − 0.2 ± 0.06c 26.5 ± 0.47c 13.5 ± 0.53
12% RP 74.2 ± 0.48b 0.1 ± 0.09d 28.4 ± 0.33d 15.6 ± 0.41
15% RP 72.0 ± 0.44a 0.9 ± 0.10e 29.4 ± 0.15e 17.0 ± 0.31
One-way ANOVA—p < 0.01 < 0.01 < 0.01
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Fig. 3   Results of sensory acceptance of control gluten-free bread and 
samples enriched with rapeseed protein
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poor in molecules typical for freshly baked bread, formed 
at elevated temperatures from non-starch flour components. 
The results of taste acceptability (Fig. 3) indicate an increase 
in its value regardless of the level of rapeseed protein.

The positive effect of the addition of protein prepara-
tions on the acceptability of gluten-free bread is related to 
the improvement of its sensory characteristics. An increase 
in bread volume is usually related to the improvement of 
structure and porosity of the crumb [26], which enhances 
its acceptability. Many researchers also point to the darken-
ing of the color and an increase in the proportion of yellow 
under the influence of protein preparations. These changes 
make such bread resemble traditional gluten products, which 
results in an increase in its acceptability [17, 30, 31]. An 
important factor that could ameliorate sensory acceptabil-
ity of bread enriched with protein preparations is also the 
improvement of its smell resulting from the presence of pro-
teins, which contribute to the creation of the characteristic 
aroma of the bread during baking. Another factor positively 
influencing the acceptability of bread enriched with protein 
preparations may be the reduction of crumb hardness and 
improvement of its elasticity.

Crumb texture

The analysis of the variability of texture parameters over 
time allows to assess the storage stability of the bread and 

the influence of the ingredients or additives on its charac-
teristics. During the storage of bread, there occur a number 
of changes in the structure of the bread, which are mainly 
related to the migration of water to the crust and hardening 
of the crumb, resulting from the retrogradation of starch 
polymers. All these changes lead to a decrease in product 
acceptability. To limit these unfavorable phenomena, vari-
ous types of additives or components are used, whose task 
is to limit the retrogradation of starch, modify the structure 
of starch polymers, and control water retention [32]. One of 
the methods of monitoring structural changes in the crumb 
is to measure the texture parameters that change over time. 
These parameters for control bread and samples with rape-
seed protein isolate in the recipe are listed in Table 3.

On the first day, the crumb of the control bread had a 
hardness of 1.29 N. During storage, the hardness of the con-
trol bread crumb increased significantly (p < 0.01) to over 
7 N on the third day of storage (Table 3), which indicates 
progressive staling. On the other hand, samples containing 
rapeseed protein were characterized by higher hardness val-
ues compared to the control sample. Nevertheless, the level 
of the additive itself had no significant effect on the crumb 
hardness. Higher hardness of the crumb of bread with rape-
seed protein on the first day was related to the changes in 
crumb structure caused by the presence of protein. Since 
the water content of the rapeseed protein was similar to that 
of starch, the recipe did not require a variable amount of 

Table 3   Texture parameters of 
gluten-free bread crumb

Mean value of three replication ± standard deviation
Mean values signed this same letters in particular columns are non-significant different at 0.05 level of 
confidence

Sample Day Hardness (N) Springiness (–) Cohesiveness (–) Chewiness (N)

Control GFB 1 1.29 ± 0.18a 1.00 ± 0.00h 0.89 ± 0.01d 1.14 ± 0.15a

2 5.39 ± 0.29ef 0.99 ± 0.01gh 0.59 ± 0.06b 3.15 ± 0.29ef

3 7.04 ± 1.13g 0.96 ± 0.00ef 0.53 ± 0.05ab 3.59 ± 0.44f

6% RP 1 1.88 ± 0.28b 0.98 ± 0.02fgh 0.86 ± 0.01c 1.58 ± 0.21b

2 5.24 ± 0.51def 0.94 ± 0.01cd 0.58 ± 0.04ab 2.88 ± 0.43def

3 6.90 ± 0.80g 0.94 ± 0.01bcd 0.51 ± 0.06ab 3.35 ± 0.74ef

9% RP 1 1.85 ± 0.09b 0.99 ± 0.02gh 0.85 ± 0.01c 1.55 ± 0.09b

2 5.81 ± 0.42fg 0.94 ± 0.00cd 0.54 ± 0.06ab 2.96 ± 0.45def

3 6.74 ± 0.62g 0.93 ± 0.01abc 0.50 ± 0.04a 3.13 ± 0.51ef

12% RP 1 1.61 ± 0.08b 0.99 ± 0.01gh 0.85 ± 0.01c 1.34 ± 0.07ab

2 4.40 ± 0.69cd 0.95 ± 0.01de 0.55 ± 0.04ab 2.29 ± 0.49cd

3 4.66 ± 0.42cde 0.92 ± 0.01a 0.48 ± 0.05a 2.09 ± 0.43c

15% RP 1 1.66 ± 0.20b 0.97 ± 0.00fg 0.83 ± 0.01c 1.35 ± 0.18ab

2 3.98 ± 0.44c 0.95 ± 0.01de 0.59 ± 0.05b 2.25 ± 0.43cd

3 5.38 ± 0.64ef 0.93 ± 0.00ab 0.52 ± 0.00ab 2.60 ± 0.66cde

Two-way ANOVA—p
 Factor A (level of protein) < 0.01 < 0.01 < 0.01 < 0.01
 Factor B (time) < 0.01 < 0.01 < 0.01 < 0.01
 Factor A × Factor B < 0.01 < 0.01 < 0.01 < 0.01
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water. Therefore, the higher hardness of the crumb observed 
for bread with rapeseed protein on the first day was due to 
protein-starch interactions rather than insufficient protein 
hydration. The addition of protein decreased porosity and 
the presence of large pores, causing an increase in pores 
density (Table 1), and the resulting more compact structure 
of bread crumb could contribute to a slight increase in its 
hardness. The available literature data indicate a varying 
influence of protein preparations on crumb hardness. Zio-
bro et al. [8] reported that the replacement of 10% of base 
starches with peas, lupine and albumin proteins reduce the 
hardness of the crumb, while collagen increases its value. On 
the other hand, Berta et al. [30], replacing starch with corn 
zeins in the recipe, observed a decrease in bread hardness 
and an increase in springiness. In addition, Kowalczewski 
et al. [31] found a decrease of hardness and chewiness of 
bread enriched with 2–10% high-protein cricket flour. The 
decrease in crumb hardness of gluten-free bread as a result 
of the addition of 5–20% sunflower protein concentrate was 
also observed by Zorzi et al. [20]. On the other hand, da 
Rosa Machado and Thys [9], Coşkun et al. [12], Ziobro et al. 
[17], Witczak et al. [25] and Han et al. [27] observed an 
increase in crumb hardness resulting from the presence of 
various protein preparations in the recipe.

During storage, the hardness of all bread samples 
increased to varying degrees. The addition of rapeseed pro-
tein at the level of 6 and 9% had no significant effect on 
changes in hardness, the values of which did not differ from 
those of the control sample. On the other hand, bread crumb 
with 12 and 15% of protein on the second and third day was 
characterized by significantly lower hardness compared to 
the control sample. This phenomenon could be caused by 
several factors. Partial replacement of the starch with pro-
tein modifies the structure of the crumb due to the stabiliz-
ing effect of amphiphilic protein chains on the fermentation 
gases and causes a decrease in the concentration of starch 
polymers that tend to retrograde. Moreover, the presence 
of denatured protein in the baking process strengthens the 
structure of the crumb, limiting starch retrogradation. The 
two-factor analysis of variance confirmed that both the level 
of rapeseed protein and storage time significantly (p < 0.01) 
affected the crumb hardness. Moreover, a negative linear 
correlation between hardness and porosity was observed 
(r = − 0.74).

The share of rapeseed protein in the recipe and storage 
time had a significant impact (p < 0.01) on the springiness 
of the bread crumb under analysis. On the first day, the 
crumb of breads with rapeseed protein was characterized 
by a similar springiness as the control sample (Table 3), only 
the breads with the highest proportion of rapeseed protein 
were characterized by significantly lower elasticity than 
the control sample. The springiness decreased during stor-
age, and the lowest values of this parameter were recorded 

on the third day. Breads containing rapeseed protein were 
characterized by lower values of springiness during storage, 
with the level of protein addition also having a significant 
(p < 0.01) effect. The structure of the crumb had a significant 
impact on its elasticity. Positive linear correlations between 
crumb elasticity on one hand and its porosity (r = 0.88) 
and number of pores > 5 mm (r = 0.93) on the other, were 
observed here. The elasticity of the crumb negatively cor-
related with the density of pores (r = − 0.93).

The values of crumb cohesiveness are presented in 
Table 3. They generally decreased with time, although on 
the second and third days of storage, the cohesiveness of 
the control sample and breads with rapeseed protein were at 
a similar level. Since the crumb structure has a significant 
influence on the crumb cohesiveness, a positive linear cor-
relation between the crumb cohesiveness and its porosity 
(r = 0.91) and the number of pores > 5 mm (r = 0.86) were 
observed here. The cohesiveness of the crumb negatively 
correlated with the pore density (r = − 0.86).

The chewiness is closely correlated (r = 0.99) with the 
hardness, the results of which have a decisive influence on 
the values of this parameter, so the effect of using rapeseed 
protein in the recipe was similar here. The smallest chewi-
ness on the first day was found for control bread (Table 3). 
Slightly higher values of this parameter were found for 
breads with a share of rapeseed protein, although the level 
of addition was less important. As in the case of hardness, 
chewiness increased during storage, however, the addition 
of protein at 6 or 9% did not significantly affect the values 
of this parameter on particular days. It was only the higher 
proportion of protein, at the level of 12 or 15%, that had a 
significant effect on the decrease in the chewiness values on 
particular days in comparison with the control sample. As 
in the case of hardness, this is related to the introduction of 
a protein characterized by surface activity, strengthening of 
the crumb structure through denatured protein and a reduc-
tion of the amount of starch polymers capable to retrograde.

Thermal properties

Retrogradation of branched amylopectin chains, which asso-
ciate during storage, results in crumb hardening and water 
migration from crumb to crust, and therefore, should be 
regarded as one of the major factors of staling. The ther-
mograms of gluten-free bread showed the presence of an 
endothermic peak associated with the decomposition of 
recrystallized amylopectin. The temperature at the beginning 
of this transformation ranged from about 51 to 59 °C, with 
the control bread crumb having the lowest values. The pres-
ence of rapeseed protein caused an increase of onset tem-
perature, but no significant trends and differences between 
varying addition levels could be observed. Peak transition 
temperature occurred in the range between 64 and 70 °C, 
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while the end of the transition could be observed between 
76 and 80 °C (data not shown). The two-factor analysis of 
variance did not show any significant influence of the level 
of protein addition and storage time on the values of the dis-
cussed parameters, and these observations confirm previous 
information available in the literature [10, 32, 33].

On the other hand, the enthalpy values of the transition 
were significantly (p < 0.01) affected by both the share of 
rapeseed protein in the recipe and the storage time of the 
bread. On the day of baking, the crumb of control bread 
was characterized by the lowest value of the enthalpy of 
amylopectin breakdown (Fig. 4). As in the case of crumb 
hardness (Table 3), samples with rapeseed protein were char-
acterized by higher enthalpy values of the decomposition of 
recrystallized amylopectin. On the second day of the analy-
sis, enthalpy values for samples with 6 and 9% addition of 
rapeseed protein were similar to those found for the control 
sample. On the other hand, a larger addition of 12 or 15% 
of protein caused a significant increase in its value. On the 
third day of storage, the decomposition enthalpy values of 
the recrystallized amylopectin in all samples were at similar 
levels and no significant positive or negative effect of rape-
seed protein on this parameter was found. These data do not 
follow the results obtained for changes in crumb hardness 
during storage, because breads with 12 or 15% rapeseed 
protein were characterized by significantly lower hardness 
on the last day of storage compared to the control sample, 
indicating a slower aging process. The discrepancy may be 
due to the fact that amylopectin retrogradation is only one of 
the factors responsible for bread staling process, which in the 
case of traditional bread was shown to be much more com-
plex and controlled by starch-protein interactions. Hence, 
the measurement of crumb hardness is more representative 
of the aging of the bread crumb. The variable influence of 
protein preparations on the enthalpy values of the recreated 

amylopectin distribution is indicated by available literature 
data. Korus et al. [10] found a significant decrease in amy-
lopectin decomposition enthalpy caused by the presence 
of 10 or 20% hemp proteins. In addition, Ziobro et al. [8] 
observed a similar decrease after the addition of pea or lupin 
proteins or collagen preparation. Phongthai et al. [26] indi-
cate that 2% rice proteins and albumin diminish bread stal-
ing. A reduction in the aging trend of bread enriched with 
yoghurt was also observed by Graça et al. [28]. On the other 
hand, Witczak et al. [25] did not observe any significant 
effect of potato protein concentrate, in the amount between 
2 and 10%, on the enthalpy values of the retrograded amy-
lopectin breakdown. Although amylopectin retrogradation 
is only one of the factors influencing the aging of bread, 
i.e., the increase in crumb hardness over time, a positive 
linear correlation was found between crumb hardness and 
the enthalpy of the recrystallized amylopectin decomposi-
tion (r = 0.89). Moreover, the values of the recrystallized 
amylopectin decomposition enthalpy correlated significantly 
with springiness (r = − 0.70), cohesiveness (r = 0.84) and 
chewiness (r = − 0.85).

Conclusion

On the basis of the obtained results, it was found that the 
presence of protein in concentrations of 12 and 15% caused 
a significant increase in bread volume. A significant decrease 
in porosity, an increase in pore density and a decrease in the 
percentage of large pores > 5 mm of bread crumb with rape-
seed protein were also found in comparison to the control 
sample. Changes in the characteristics of the crumb were 
also confirmed by photographs of its structure. The calcu-
lated value of ΔE indicates significant differences in the 
color of bread supplemented with rapeseed protein isolate 
compared to the control sample, which is mainly related to 
the increase in b* value corresponding to the share of yel-
low. Sensory evaluation showed an increase in acceptability 
of particular traits under the influence of rapeseed protein 
addition. Bread crumb with 12 and 15% protein addition on 
the second and third days of storage was characterized by 
significantly lower hardness compared to the control sample, 
indicating a retardation of the aging process. Partial replace-
ment of starch with protein caused structure modification of 
the crumb due to gas stabilization effects and a decrease in 
concentration of starch polymers prone to retrogradation. 
However, the reduction of long-term amylopectin retrogra-
dation by rapeseed protein was not confirmed. In conclusion, 
it should be pointed out that rapeseed protein can be a valu-
able component of gluten-free bread. Its introduction to the 
recipe in addition to nutritional enrichment has resulted in 
a significant improvement in bread characteristics, includ-
ing an increase in the volume of loaves, improvement in 
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crumb structure and sensory characteristics of the bread and 
a reduction in crumb hardening during storage.
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