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Abstract: 
Whole-wheat flour of purple wheat varieties contains anthocyanins and other phenolic compounds with high antioxidant activity, 
which makes it a potential raw material for functional foods. The content and composition of phenolic compounds in whole-wheat 
flour depends on the genotype and weather conditions; in the bread, however, they also depend on the bread-making technology. 
This article offers a comparative analysis of phenolic compounds in purple whole-wheat flour and bread baked from this flour.
The study featured purple soft spring wheat (Triticum aestivum L.) of two varieties, Nadira and line 193, which were harvested  
in 2016 and 2017, and corresponding bread samples. The antioxidant activity and phenolic content were measured spectro- 
photometrically while the qualitative analysis relied on the method of high-performance liquid chromatography (HPLC).
In the hot and dry year of 2016, the content of bound phenolic acids reached 2.0–2.4 mg/g dry weight in the flour of both 
genotypes. In the cool and humid year of 2017, the content of anthocyanins in the Nadira flour increased by 2.7 times and 
amounted to 0.65 mg/g dry weight. However, the corresponding bread sample had a much lower phenolic content: soluble 
phenolics were halved, anthocyanins dropped by 3–4 times, and bound phenolic acids went down by 7–17 times. The content of 
bound phenolic acids in the flour correlated positively with the content of free phenolic acids in the bread. The HPLC analysis 
revealed an increase in the content of free hydroxycinnamic acids in the bread: p-coumaric acid was the most abundant and 
amounted to 0.14–0.22 mg/g dry weight.
Conventional State Standard 27669-88 for bread making resulted in a total decrease in anthocyanins, bound phenolic acids, and 
most free phenolics. Therefore, this technology cannot be applied to functional bread. The results can help develop a bread-
making technology for purple wheat varieties. 
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INTRODUCTION
Bread has always been part of the daily dietary 

pattern in Russia and worldwide. As a source of basic 
nutrients, minerals, and biologically active substan- 
ces, bread provides 10–20% of calories, 20% simple 
and complex carbohydrates, 20% dietary fiber and 11% 
protein [1–3]. White-flour bread comes from debranned/
refined grain, which means that each seed has been 
cleaned from its pericarp, seed coat, and germ. While 
white-flour bread remains the most popular flour pro- 
duct, whole-grain wheat flour is a much more balanced 

raw material in terms of amino acids, fibers, phenolic 
compounds, carotenoids, vitamins, and minerals [1–4].

Whole grains are an inherent part of almost any  
healthy diet [5]. Whole-grain foods reduce excess weight,  
normalize cholesterol, as well as prevent diabetes, cardio- 
vascular diseases, metabolic conditions, and cancers [6, 7].  
Dietary fiber improves gastrointestinal motility and in- 
testinal microbiota while phenolic compounds produce 
a certain antioxidant effect [5–11]. Humans and higher 
animals cannot synthesize phenolic compounds and 
have to obtain them with plant foods. In this respect, 
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cereals are a daily source of not only proteins and 
carbohydrates, but also phenolic compounds [12]. Grain 
contains both free and bound phenolic compounds, e.g.,  
in cell walls or as links between polysaccharide and/or 
protein molecules. Free phenolic compounds are anti- 
oxidants [10]. As a rule, symbiont intestinal microflora 
releases bound phenolic compounds gradually. 

Phenolic acids and flavonoids are the main pheno- 
lic compounds in cereals [2, 7]. These powerful antioxi- 
dants are to be found in the pericarp, the seed coat, and  
the germ [7, 10, 11]. Purple wheat also contains antho- 
cyanins in its pericarp, which give these sorts extra 
antioxidant properties [9, 13, 14]. Whole-wheat flours 
have higher antioxidant activity levels than traditional 
white flours, with whole-wheat flours of anthocyanin-pig- 
mented cultivars having the highest levels of antioxidant 
activity [2, 11, 13]. Similarly, whole-wheat bread, especi- 
ally that made of purple varieties, possesses greater an- 
tioxidant effect than white-flour bakery products [13].  
In Europe and North America, purple wheats are a so- 
urce of popular functional foods, e.g., bread, crackers, 
and even confectionery bakery products [8, 13, 15–17].

In the Russian Federation, purple-grain wheat lines  
adapted to the local climatic conditions have been deve- 
loped [18, 19]. However, the share of therapeutic bakery  
products on the Russian market is as low as 2% of to- 
tal production, not to mention that purple wheat has 
never found its way on it [20, 21]. The beneficial proper- 
ties of domestic purple-wheat bread and pastry have 
just barely attracted scientific attention [19, 22], and 
no reliable production technology has been developed 
so far. The Nadira variety is the first Russian patented 
purple wheat [23]. Its white flour demonstrated baking 
properties very similar to those of traditional premium 
wheat [19]. The total baking score for white flour bread 
was 4.4 out of 5, while the whole wheat flour bread had 
a score of 4 [19]. Obviously, the Nadira flour proved sui- 
table for baking. However, whole-wheat bread from the 
Nadira variety has never been tested for antioxidant pro- 
perties and phenolic compounds.

Bread making includes four basic stages: kneading, 
fermenting, proofing, and baking. Each stage causes cer- 
tain chemical changes that lead to qualitative and quan- 
titative changes in the composition of the final product. 
During kneading and fermentation, gluten proteins bind  
water while polypeptide chains cross-link with disulfide 
bridges to form a single gluten matrix. The rheological 
properties of the dough depend on this matrix. Hydro- 
lase activation occurs when glycosidases break down 
polysaccharides into simple sugars, and esterases rele- 
ase phenolics bound with polysaccharides [24]. Knea- 
ding, fermentation, and proofing reduce the content of  
anthocyanins while simultaneously increase the con- 
tent of phenolic acids. The resulting content of phenolic 
acids depends both on the total phenolics in the flour and 
the duration of each stage [13]. The high temperatures 
triggers various processes that affect phenolic structure, 
i.e., isomerization and cleavage of glycosidic and/or  
ether bonds. As a result, during the baking stage both 

the formation and conversion/degradation of phenolic 
compounds occur. Indeed, the content and composition 
of anthocyanins and other phenolics in bread and other  
bakery products may differ from those in the grain they  
were made from [13, 15–17]. By changing the baking 
time and temperature, bakers can modify phenolic com- 
position [13, 16, 25]. Therefore, bread making causes dy- 
namic changes in the qualitative and quantitative phe- 
nolic content of the final product, depending on the 
production technology, as well as on the phenolic con- 
tent and genotype of cereals [16, 17, 26].

However, genotype is not the only factor that affects 
phenolics. Biotic and abiotic stress factors, e.g., weather 
conditions, are able to increase phenolic synthesis [2]. 
Each genotype has its own stress-causing conditions. In  
a previous study, we proved that the Nadira variety expe- 
riences moderate temperatures and sufficient moisture 
as optimal, in contrast to line 193 [27]. Under different 
weather conditions, the content and composition of an- 
thocyanin and other phenolics may vary greatly for one  
and the same genotype [27]. The question remains, to 
what extent these differences in the composition of 
whole-wheat flour will be passed on to the correspon- 
ding bread. Presumably, the phenolic content in bakery  
products from whole-wheat flour of the same genotype 
will be different if the harvest year is different. Nume- 
rous publications feature the effect of weather conditions 
on the phenolic content of cereals [2, 28, 29]. However, 
no studies so far attempted to identify the correlation 
between the genotype- and weatherrelated phenolic com- 
position of whole-wheat flour and the phenolic composi- 
tion in the bread baked from this whole-wheat flour.

This article introduces a comparative quantitative 
and qualitative assessment of phenolic and anthocyanin 
profile of bread samples baked according to State Stan- 
dard 27669-88 from whole-grain flour of two varieties 
of purple spring soft wheat grown and harvested under 
contrasting weather conditions.

STUDY OBJECTS AND METHODS 
This research featured purple spring soft wheats 

(Triticum aestivum L.) of two varieties, namely culti- 
var Nadira (hereinafter Nadira) and line Kk-193-08-1  
(hereinafter line 193). The varieties were harvested by  
the Tatar Research Institute of Agriculture, FRC Kazan  
Scientific Center of RAS, in 2016 and 2017. To obtain  
whole-wheat flour (Fig. 1a–d), we ground the grain  
in a MM400 ball mill (Retsch, Germany) at 25 Hz for 
3 min. The bread-making procedure followed State Stan- 
dard 27669-88 under laboratory conditions. The resulting 
bread samples (Fig. 1e–h) were freeze-dried in an Alpha 1- 
4 LD-2 freeze dryer (Martin Christ, Germany) and gro- 
und in a ball mill under the above mentioned conditions.

Figure 2 illustrates the process of phenolic isolation.  
To extract soluble phenolics, we poured 1 mL of 60% aci- 
dified ethanol (final concentration of HCl 1%) into 100 mg  
of whole-wheat flour or bread. After 10 min of ultrasoni- 
cation at 30 kHz and 20°C, the samples were incubated 
on an MR-1 shaker (BioSan, Latvia) at 4°C for 24 h. 
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After that, the homogenate was centrifuged in a Mini- 
Spin centrifuge (Eppendorf, USA) at 10 000 g for 10 min.  
Upon collecting the supernatant, we washed the pre- 
cipitate twice with 0.25 mL of 60% acidified ethanol 
and subjected it to ultrasonic treatment. The combined 
supernatants were used to determine the antioxidant 
activity as well as the content and composition of antho- 
cyanins and other phenolics.

We used the Folin – Ciocalteu method to define the  
content of soluble phenolics, as well as free and bound 
phenolics [30]. The procedure involved a LAMBDA 25 
spectrophotometer (PerkinElmer, USA). The results were  
calculated as milligram equivalent of gallic acid per 1 g  
dry weight. The anthocyanin content was determined 
by measuring the optical density of ethanol extracts at  
525 nm. We used cyanidin-3-O-glucoside (Sigma-Aldrich, 
USA) to plot the calibration curve. The results were ex- 
pressed as milligram equivalent of cyanidin-3-O-glu- 
coside per 1 g dry weight. The antioxidant activity tests 
involved diphenylpicrylhydrazine (AlfaAesar, USA) and 
followed the pattern previously described [27].

To isolate phenolic acids, we modified the method 
developed by Kim et al. (Fig. 2) [31]. For free phenolic 
acids, we concentrated the ethanol extract at 35°C 
and 20 mbar on a vacuum concentrator (Concentrator 
Plus, Eppendorf, USA) and poured in 1% HCl to reach  
the final volume of 1 mL. After that, we added a mix of 

diethyl ether and ethyl acetate (1:1). The resulting mix 
was centrifuged for 5 min at 10 000 g to collect and dry 
the upper ether phase. The dry sample was dissolved in 
80% ethanol to define the content of free phenolic acids.

For bound phenolic acids, we extracted 2 M NaOH 
from the sediment that remained after the extraction of 
soluble phenolics. The procedure lasted 4 h at 20°C on a  
shaker. After collecting the supernatant from the homo- 
genate centrifuged at 10 000 g for 10 min, the pH of the 
extract was adjusted to 2 and added a mix of diethyl 
ether and ethyl acetate (1:1). To isolate bound phenolic 
acids from the solvent mix, we performed the same 
procedure as for free phenolic acids (Fig. 2). The dried 
samples were dissolved in 80% ethanol to determine the 
content of bound phenolic acids.

To compare the phenolic content in the bread samples 
with that in the whole-wheat flour, we used the formula 
below [26]:

        
( ) 1.04

% difference 100flour bread

flour

С C
C
− ×

= ×              

where C flour is the content of phenolics in 1 g of  
flour, mg, and C bread is the content of phenolics in 1 g of 
bread, mg. The coefficient equaled 1.04 and depended on 
the share of flour in the total weight of dry ingredients 
specified in State Standard 27669-88.

Figure 1 Whole-wheat flour (a–d) and whole-wheat bread (e–h): soft spring purple wheat of line 193 (a, b, e, g) and Nadira (c, d, f, h)  
varieties harvested in 2016 (a, b, e, g) and 2017 (c, d, f, h)

                                                               e                                                                                    f

                                                               g                                                                                    h

                                            a                                    b                                             c                                     d
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A similar formula was used to calculated the dif- 
ference in antioxidant activities. 

The chromatographic analysis involved reverse-phase  
high performance liquid chromatography (RP-HPLC) 
on a Breeze chromatograph (Waters, USA) and a Wa- 
ters 2489 UV/VIS dual-wave detector (Waters, USA). A 
reverse-phase Symmetry® C18 column (Waters, USA) 
served as the stationary phase: 3.9×150 mm column size, 
5 μm particle size, 100 Å pore size. 

To study anthocyanins, we used two solutions as the 
mobile phase. Solution A consisted of 10% acetic acid 
while solution B involved acetonitrile, water, and glacial 
acetic acid (10:9:1, v/v). The separation was in line with 
the following pattern: 2 min – 100% solution A, 10 min –  
25% solution B, 10 min – 50% solution B. The mobile 
phase feed rate was 0.5 mL/min. The volume of the injec- 
ted sample was 20 µL. The peak detection occurred at 
525 nm. Cyanidin-3-glucoside and cyanidin (Sigma-Ald- 
rich, USA) served as standards.

For other phenolics, the mobile phase was represen- 
ted by solution A (6% acetic acid) and solution B (60% 
methanol in 6% acetic acid). Solution B was graded as  
follows: 0–1 min – solution A; 1–6 min – 0–25% solu- 
tion B; 6–16 min – 25–100% solution B; 16–21 min –  
100% solution B; 21–25 min – 100% solution B. The 
mobile phase feed rate was 0.5 mL/min. The volume of 
the injected sample was 20 µL. The peaks were detected  

at 280 nm. For phenolic acids and flavonoids, the proce- 
dure relied on the reference peaks for gallic, p-coumaric, 
ferulic, sinapic, and benzoic acids and rutin, quercetin, 
and kaempferol (Sigma-Aldrich, USA). The contents 
of the chromatographically identified phenolics we- 
re determined using the calibration curves construc- 
ted from the areas of chromatographic peaks for stan- 
dard phenolics.

The statistical data processing involved the Sig- 
maPlot program and a two-factor analysis of variance 
(ANOVA) to be presented as mean ± standard error. 
The differences were declared significant based on the 
Tukey multiple comparison test (p ≤ 0.05). Pearson's cor- 
relation coefficients were calculated at p ≤ 0.05. The 
principal component analysis was carried out using 
OriginPro 2017.

RESULTS AND DISCUSSION 
Defining soluble phenolics and antioxidant pro- 

perties of flour and bread. The purple wheat varieties 
line 193 and Nadira were harvested in 2016 and 2017. 
Those years differed in weather conditions. The year of 
2016 was hot and dry while 2017 was cool and humid. 
The content of soluble phenolics in the Nadira flour 
samples from 2016 was by 18% lower compared to the 
samples harvested in 2017. For line 193, the content of so- 
luble phenolics in the 2016 samples was, on the contrary, 

Figure 2 Scheme for isolating phenolic compounds.
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by 7% higher (Fig. 3a). As for the bread, the phenolic 
content was by 44–48% lower than in the flour (Table 1)  
and amounted to 1.1–1.3 mg/g dry weight (Fig. 3b). 
Table 2 demonstrates that the year-related changes in 
the phenolic content correlated in the bread and the flour  
(r = +0.81).

In the bread samples, the antioxidant activity was by  
74–82% lower than that in the flour (Table 1). In addition, 
it did not depend on the phenolic content (Fig. 3c and d,  

Table 2). The antioxidant properties are known to de- 
pend on the phenolic structure. A particular phenolic 
composition may cause synergism, additivity, or antago- 
nism [10]. Consequently, phenolic composition has a 
greater effect on the antioxidant activity of bread than 
the phenolic content in whole-wheat flour.

Analyzing the composition and content of antho- 
cyanins in flour and bread. The anthocyanin content 
in the wheat of two genotypes depended on weather 
conditions. The dry and hot year of 2016 increased the  
anthocyanin content in line 193. However, it was the 
cool and wet year of 2017 that had the same effect on the 
Nadira variety (Fig. 4). After baking, the anthocyanin 
content dropped by 3.3–3.6 times in the Nadira variety 
and by 2.5–3.1 times in line 193 (Fig. 4). As a result, 
the bread samples maintained only 28–40% of the ini- 
tial anthocyanin content (Table 1). The anthocyanin con- 
tent in the flour samples correlated with their phenolic 
content (r = +0.76) and antioxidant activity (r = +0.57),  
as well as with the anthocyanin content in the corres- 
ponding bread samples (r = +0.96) (Table 2). However, 
we detected no positive correlation between the antioxi- 
dant activity of the bread and its anthocyanin content 
(Table 2). Probably, anthocyanins with high antioxidant 
activity were more affected by the baking process that 
those with poor antioxidant properties. Since anthocya- 

Table 1 Antioxidant activity and soluble phenolics: bread from 
whole-wheat flour vs. whole-wheat flour

Line 193 Nadira 
2016 2017 2016 2017

Antioxidant 
activity

–78.74 –73.87 –78.74 –82.06

Soluble 
phenolics

–46.07 –43.89 –48.36 –47.98

Anthocyanins –67.41 –59.72 –69.85 –72.19
Free phenolic 
acids

+4.32 –6.34 +34.11 –12.89

Bound 
phenolic acids 

–91.16 –87.50 –94.28 –85.04

“+” is % increase, “–” is % decrease
For the coefficient, see Study Objects and Methods

Note: the letters mark significant differences in mean values (p ≤ 0.05). The capital letters indicate the difference between genotypes of the same 
harvest year; the lowercase letters indicate the difference between the harvest years for the same genotype

Figure 3 Soluble phenolics and antioxidant activity of ethanol extract of flour (a, c) and bread (b, d) baked from purple whole-
wheat flour, harvests 2016 and 2017: a, b – soluble phenolics, mg/g dry weight; c, d – antioxidant activity of ethanol extract, mmol 
equivalent Trolox/g dry weight
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nins vary in antioxidant properties and thermal stabi- 
lity, some of them can be strong antioxidants and ther- 
molabile compounds at the same time [9, 16, 17].

To assess the baking qualities of the whole-wheat 
flour, we carried out baking under laboratory conditions 
in line with State Standard 27669-88. It presupposes a  

straight dough procedure with the total kneading, fer- 
mentation, and proofing time of ≥ 250 min at 28°C. The 
baking time was 55 min at 200–210°C. The processing 
time exceeded the standard time for other bread formula- 
tions: the fermentation and proofing were 2.1–6.4 times as  
long and the baking was 2.2–3.9 times as long [13, 15–17].

Table 2 Correlation matrix of antioxidant activity and phenolic compounds in whole-wheat flour and bread

Whole-wheat flour Bread

Anti-
oxidant 
activity

Soluble 
phenolics

Antho-
cyanins

Free 
phenolic 
acids

Bound 
phenolic 
acids

Anti-
oxidant 
activity

Soluble 
phenolics

Antho-
cyanins

Free 
phenolic 
acids

Bound 
phenolic 
acids

W
ho

le
-w

he
at

 fl
ou

r

Anti-
oxidant 
activity

1 0.372 0.573* –0.121 0.127 –0.681** 0.005 0.395 0.131 –0.183

Soluble 
phenolics

1 0.758*** 0.520* –0.700** –0.450 0.810*** 0.810*** –0.708** 0.604*

Antho-
cyanins

1 0.542* –0.693** –0.788*** 0.577* 0.960*** –0.604* 0.592*

Free 
phenolic 
acids

1 –0.844*** –0.263 0.727** 0.656** –0.820*** 0.805***

Bound 
phenolic 
acids

1 0.310 –0.850*** –0.833*** 0.944*** –0.924***

B
re

ad

Anti-
oxidant 
activity

1 –0.153 –0.668** 0.237 –0.280

Soluble 
phenolics

1 0.693** –0.911*** 0.810***

Antho-
cyanins

1 –0.745*** 0.723**

Free 
phenolic 
acids

1 –0.962***

Bound 
phenolic 
acids

1

Bold characters represent significant correlations at p, indicated by asterisks (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) with a correlation coefficient of 
R > 0.5. R-values for positive correlations are color-coded as follows: almond (0.51–0.70), orange (0.71–0.90), and orange-red (0.91–1.0). R-values for 
negative correlations are color-coded as follows: light cyan (from –0.5 to –0.7), powder blue (from –0.71 to –0.9), deep sky blue (from 0.91 to 1.0)

Note: the letters mark significant differences in mean values (p ≤ 0.05). The capital letters indicate the difference between genotypes of the same 
harvest year; the lowercase letters indicate the difference between the harvest years for the same genotype

Figure 4 Anthocyanin content, mEq of cyanidin-3-O-glucoside/g dry weight
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Under the effect of peroxidases, anthocyanins may start 
degrading as early as during kneading [24]. Beta et al.  
used the Canadian Short Process Bread Baking to regis- 
ter a significant decrease in anthocyanins (1.1–1.2 times) 
and qualitative changes in the phenolic composition du- 
ring the first three stages [13]. However, it was the ba- 
king stage that produced the most significant effect 
and reduced the anthocyanin content by 2.2 times [13].  
Bartl et al. reported that a shorter baking time preserved 
more anthocyanins [16]. After 30 min at 180°C, 27% of 
anthocyanins remained in the flour; however, 21 min at  
even higher temperatures (240°C) spared 39% of antho- 
cyanins [16]. Gamel et al. reported similar results for the  
bread-making standards published by the American As- 
sociation of Cereal Chemists (Method 10.10.3) [15]. After  
17 min at 215°C, the bread maintained 38% of the initial  
anthocyanins. Consequently, fermentation and baking  
time is as important as the initial anthocyanin compo- 
sition and content in the flour.

According to Eliášová et al., different purple wheat 
varieties had different anthocyanin composition, hence 
the different anthocyanin content in the corresponding 
bread [17]. The AF Jumiko variety with its peonidin-

3-glucoside demonstrated the best resistance to antho- 
cyanin degradation. The Konini variety had a lot of ther- 
molabile delphinidin glycosides (30%) and proved to 
be the least resistant sample in the test. Thus, the antho- 
cyanin content in bread depends both on the total antho- 
cyanin content in the flour, the qualitative composition 
of anthocyanin in the flour, and the baking mode.

Figure 5 illustrates the HPLC analysis of anthocya- 
nins in the flour and in the corresponding bread samp- 
les. Since the anthocyanins obtained from the flour and  
the bread demonstrated very different peak absorption 
intensity, the chromatograms contained two ordinate 
axes: the left axe illustrated the data obtained for the 
flour samples and the right axe was reserved for the bread  
samples. The HPLC revealed ten compounds (peaks 1–10):  
nine belonged to both lines while the compound that pea- 
ked 9 was specific to line 193. Cyanidin-3-glucoside 
(peak 1) and its aglycone, cyanidin (peak 10), covered 
the largest area (Fig. 5). In 2017, the content of cyanidin-
3-glucoside in the Nadira flour was 2.7 times higher 
than in 2016. It exceeded the data for line 193 by 2.2 
and 2.6 times in 2016 and 2017, respectively. Most publi- 
cations report cyanidin-3-glucoside as the most frequent 

Line 193

Note: axis x represents retention time, min; axis y represents absorbance at 525 nm; left axis marks flour samples; right axis marks bread samples

1 – cyanidin-3-glucoside, 2-9 – unidentified compounds, 10 – cyanidin

Figure 5 Chromatograms of extracts of anthocyanin pigments in whole-wheat flour (black solid line) and bread (red dotted line): 
line 193 (a, c) and Nadira variety (b, d) of purple soft spring wheat, harvests 2016 (a, b) and 2017 (c, d)
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anthocyanin identified for purple wheats [2, 32]. Other 
studies may report other cyanidin glycosides, as well as 
glycosides of pelargonidin, peonidin, malvinidin, petu- 
nidin, and sometimes delphinidin [16, 32].

The HPLC-analysis also revealed genotype differen- 
ces. The height of peak 8 in the line 193 samples exce- 
eded that in the Nadira samples, while peak 2 showed 
an opposite trend (Fig. 5). The whole-wheat flour obtai- 
ned from line 193 in 2016 (peak 8) had less anthocyanin 
than the samples obtained from the harvest of 2017; 
peaks 3, 6, and 9 were more intensive. Compared to  
2016, the content of all anthocyanins of Nadira increa- 
sed in 2017 and the changes in the proportions of antho- 
cyanins were minor.

The bread samples demonstrated a different HPLC 
anthocyanin spectrum. The total area of all peaks com- 
bined dropped by 4.5–5.4. Peaks 1, 3, and 10 were the  
most common, their share in the total area of all antho- 
cyanin peaks occupied 87% for line 193 and 91% for 
the Nadira variety. Other peaks became minor (Fig. 5):  
apparently, they corresponded with thermolabile antho- 
cyanins. Cyanidin-3-glucoside, peak 3, and cyanidin ap- 
peared to be the most variable peaks for the bread samp- 
les. The changes were quantitative and mirrored the va- 
riations in the corresponding flour samples.

It takes some time for heat to destroy anthocyanins. 
First, they are deacylated and deglycosylated, releasing 

sugars. Acylated anthocyanins release phenolic acids.  
Acylated anthocyanins are the most numerous antho- 
cyanins in purple wheats [16, 32]. Long thermal expo- 
sure destroys anthocyanidins, releasing phloroglucinal- 
dehyde and hydroxybenzoic phenolic acids, correspon- 
ding to the structure of the B-ring of the anthocyanin. 
For example, protocatechuic acid comes from cyanidin,  
while gallic acid comes from delphinidin [33]. Since  
phloroglucinaldehyde is thermolabile and hydroxyben- 
zoic acids are more stable, these phenolic acids usually 
end up in the fraction of free phenolic acids of bread [33].

Phenolic acid fractions in flour and bread. Table 2  
clearly demonstrates a high degree of negative correla- 
tion between the fractions of free and bound phenolic 
acids in the flour samples (r = –0.844). In the dry year 
of 2016, the Nadira variety had a 1.2-fold decrease in 
soluble phenolic acids and a 1.7-fold increase in bound 
phenolic acids, compared to 2017. The line 193 samples 
also demonstrated an increase in bound phenolic acids, 
although to a lesser extent (1.22 times), compared to the 
Nadira variety (Fig. 6). During droughts, more phenolics 
enter cell walls to strengthen their structure [34]. Howe- 
ver, this process is different in different genotypes.

In bread from the wheat harvested in 2017, the con- 
tent of soluble phenolic compounds decreased by 1.1–
1.2 times, compared to the corresponding flour samples. 
As for the harvest of 2016, the situation was different:  

                                              Flour                                                                                                          Bread
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peaks of varying intensity, which corresponded with 
hydroxycinnamic acids, i.e., ferulic, sinapic, and p-cou- 
maric. Due to their high antioxidant activities, hydro- 
xycinnamic acids exhibit various therapeutic and preven- 
tive effects on people and animals [10, 39]. Ferulic and 
p-coumaric acids are the most bioavailable compounds 
from whole-wheat flour. In addition, they are believed to 
prevent cancer and cardiovascular diseases [39, 40]. In 
the Nadira flour, the content of ferulic and sinapic acids 
exceeded that in the line 193 flour samples (Table 3). In 
line 193, the content of coumaric acid depended on the 
year: it amounted to 30.1 and 40.2 μg/g dry weight in 
2016 and 2017, respectively. Unlike line 193, the Nadira 
flour maintained almost the same content of coumaric 
acid, which stayed 39–40 μg/g dry weight under diffe- 
rent weather conditions.

The Nadira bread samples contained more ferulic 
acid than the line 193 bread samples. The bread samp- 
les made from the grain harvested in 2016 demonstrated 
the most significant difference (2.7 times) (Table 3) be- 
cause ferulic acid accumulated in the bound phenolic 
acids of flour to be released. Ferulic acid dominates the  
fraction of bound phenolic acids of wheat grain, regard- 
less of its variety [28, 31, 37]. Some phenolic acids are 
thermostable and some are thermolabile. Ferulic acid 
was reported to be a thermolabile compound while 
gallic, caffeic, protocatechuic, and coumaric acids pro- 
ved more resistant to high temperatures [35, 36, 41].

In our study, however, the content of coumaric acid  
appeared to be much higher in bread than in the corres- 
ponding flour samples (Table 3). Other hydroxycinnamic 
acids also had more intensive peaks in the bread samp- 
les than in the flour although the difference was quite 
unremarkable (Fig. 7). The long baking time apparently 
contributed to the destruction of ferulic acid and the 
accumulation of more thermostable coumaric acid. The 
fermentation stage releases phenolic acids associated 
with oligo- and polysaccharides, as well as flavonoids, 
including anthocyanins. Acylated anthocyanins were re- 
ported to contain p-coumaric acid [16]. For instance, 
Beta et al. showed that the content of coumaric acid 
in bread made from purple whole-wheat flour was  
seven times as high as in bread baked from white-wheat 
whole-grain flour [13].

Peaks 1, 2, and 5 had the largest areas among the uni- 
dentified peaks of flour phenolic compounds (Fig. 7).  
In the flour samples of both genotypes, the area of peak 1 
was smaller than in the bread while peak 2, on the cont- 

in the line 193 samples, the content of soluble phenolic 
compounds remained the same; in the Nadira variety, 
it increased by 1.3 times (Fig. 6a and b). The content 
of bound phenolic acids in the bread dropped down 
to 5–15% of their initial content in the flour, i.e., from 
1.4–2.4 mg to 0.13–0.21 mg (Fig. 6, Table 1). The data 
obtained for bound phenolic acids in the flour and 
in the bread demonstrated a high degree of negative 
correlation (r = –0.924, p ≤ 0.001) (Table 2). A similarly 
high degree of negative correlation occurred between 
bound and free phenolic acids in the bread samples  
(r = –0.962, p ≤ 0.001) (Table 2). However, a high posi- 
tive correlation was detected between bound phenolic 
acids in the flour and free phenolic acids in the bread  
(r = +0.944, p ≤ 0.001) (Table 2).

The complex biochemical processes that take place 
at the dough fermentation stage release bound phenolic 
acids [24]. For instance, most muffins and cookies re- 
quire no fermentation stage. As a result, they maintain 
the initial content of bound phenolic acids while bread, 
which cannot be baked without fermentation, contains 
less phenolic acid [26]. High-temperature baking dest- 
roys phenolic acids [35, 36]. In this research, the bread 
had less phenolic acid compared its initial content in 
the flour because its production time was quite long 
and presupposed conditions for a more active release of 
bound phenolic acids during proofing and fermentation, 
and then free phenolic acids were destroyed by baking. 
State Standard 27669-88 establishes 55 min of baking 
time at 200–210°C, which destroys most phenolic com- 
pounds. Studies that involved other formulations repor- 
ted an increase in the content of free phenolic acids 
in bread [13, 26]. In our study, only one bread samp- 
le demonstrated this trend: it was the bread baked from 
the Nadira grain harvested in 2016 (Fig. 6b). Apparently, 
this increase corresponded with the higher content of 
bound phenolic acids in this flour, which was 2.44 mg 
while other flour samples had it as low as 1.4–2.0 mg 
(Fig. 6c). This sample seemed to release more bound 
phenolic acids, part of which do not completely degrade 
during the baking stage.

HPLC analysis of soluble phenolics. Ferulic, vanil- 
lic, sinapic, and hydroxybenzoic acids are the most 
abundant free phenolic acids in wheat. Their proportion 
depends on the genotype and weather conditions [2, 28, 
29]. Ferulic and vanillic acids were usually reported as 
domineering, with some exceptions [28, 31, 37, 38]. The 
HPLC analysis of soluble phenolics (Fig. 7) revealed 

Table 3 Hydroxycinnamic acids in whole-wheat flour and bread

Phenolic compounds Hydroxycinnamic acids content, μg/g dry weight
Line193 Nadira

Flour Bread Flour Bread
2016 2017 2016 2017 2016 2017 2016 2017

p-coumaric acid 30.1 40.2 140.3 210.3 39.8 38.6 217.1 174.6
Ferulic acid 36.2 40.4 30.2 46.4 61.7 51.1 82.7 65.2
Sinapic acid 18.5 21.2 30.4 26.3 25.3 29.7 31.8 30.9



343

Valieva A.I. et al. Foods and Raw Materials. 2024;12(2):334–347

rary, was significantly larger. The total area of peaks 
2–5 was much smaller in the bread samples. The only 
exception was peak 3 in the bread made from the Na- 
dira wheat harvested in 2017 (Fig. 7). The response to 
weather conditions depended on the wheat variety. In the 
Nadira flour, peaks 4 and 5 were lower in 2016 than in 
2017; in line 193, the picture was quite opposite (Fig. 7).

The unidentified peaks may relate to flavonoids or 
some phenolics that are typical of whole-wheat flour, e.g.,  
hydroxybenzoic, vanillic, gallic, and syringic acids [28,  
31, 38]. Other studies reported thermostable protoca- 
techuic acid in grain and bread obtained from purple 
wheats [13, 38, 42]. Protocatechuic acid can be released 
from the fraction of bound phenolic acids; it may also 
appear during the destruction of cyanidin and/or ferulic 
acid [43]. Some minor phenolic peaks that we registered 
in the bread but not in the flour could also be attributed 
to the destruction of thermolabile phenolics, primarily 
anthocyanins. In Fig. 7, they are marked with an asterisk.

To sum up, the content of soluble phenolics in the 
bread was halved compared to their initial content in 
the flour while the content of hydroxycinnamic acids 
increased. Most likely, it happened after the release of  

bound phenolics or after the destruction of complex phe- 
nolics, e.g., anthocyanins, which, as a result, were under- 
represented in the bread.

The principal component analysis made it possible 
to identify the most variable factors and the differences 
between the samples for all factors. According to the 
biplot (Fig. 8), principal component 1 depended on most  
parameters, i.e., antioxidant activity, anthocyanin con- 
tent, phenolic substances, and bound phenolic acids. It 
covered 69.54% of the differences between the samples. 
Principal component 2 was associated primarily with 
the content of free phenolic acids and was responsible 
for 21.2% cases. The samples made up several clusters 
(Fig. 8). The flour samples grouped on the positive side 
of principal component 1, which means that they had 
higher values for these parameters compared to the 
bread samples, which occupied the negative side of 
the graph along axis x. The Nadira flour samples from 
2016 and 2017 demonstrated more differences than the 
flour obtained from line 193. The Nadira bread from 
the harvest of 2016 formed a separate cluster while 
the other bread samples seemed to be rather similar in 
most characteristics. In most cases, the weather-induced 

1–5 – unidentified compounds in flour and bread; 6 – coumaric acid; 7 – ferulic acid; 8 – sinapic acid,  
* – unidentified compounds in bread samples
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As a result of the bread-making procedures stipula- 
ted by State Standard 27669-88, the content of bound 
phenolic acids in the bread dropped by 85–95%, compa- 
red to the flour. However, the content of free hydroxycin- 
namic phenolic acids increased, especially that of p-cou- 
maric acid. The amount of ferulic and sinapic acids also 
increased but to a lesser extent because the long baking 
destroyed them.

Therefore, bread-makers need to develop new tech- 
nology to produce functional bread from purple wheat  
if they want to preserve the original amount of antho- 
cyanin, phenolic acids, and other phenolics. Apparently, 
this new technology should have a shorter fermentation 
and baking time.
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phenolic changes in the flour were leveled out after the 
baking. However, the abundance of bound phenolic 
acids in the flour may have been that single beneficial 
weather-related change which resulted in the abundance 
of free phenolic acids in the bread after baking.

CONCLUSION
New functional food technologies require an integ- 

rated approach. The phenolic content of wheat depends 
on the combination of weather conditions and genotype 
while it is the bread-making technology that preserves 
biologically active substances in whole-wheat flour. The  
high anthocyanin content in the purple wheat of the 
Nadira variety harvested in 2017 seemed a valuable pro- 
perty to be used in functional foods. However, the long  
bread-making process in line with State Standard 27669-
88 destroyed most anthocyanins and other soluble phe- 
nolics. As a result, the bread had much poorer antioxi- 
dant properties than the flour it was made from.

The bread baked from the Nadira wheat harvested 
in 2016 was the only sample to increase the content of 
free phenolic acids because the grain accumulated a lot 
of bound phenolic acids in response to the dry and hot 
weather conditions in 2016.

Figure 8 Principal component analysis scores plot. AOA – antioxidant activity, SPCs – soluble phenolic compounds, ANT – 
anthocyanins, PAs – phenolic acids; samples: fl-N-16y (red dots) – Nadira flour, 2016; fl-N-17y (orange dots) – Nadira flour, 2017;  
fl-193-16y (light green dots) – line 193 flour, 2016; fl-193-17y (dark green dots) – line 193 flour, 2017; br-N-16y (blue dots) –  
Nadira bread, 2016; br-N-17y (blue dots) – Nadira bread, 2017; br-193-16y (pink dots) – line 193 bread, 2016;  
br-193-17y (purple dots) – line 193 bread, 2017
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