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Evaluation of antioxidant capacity and formation
of processing contaminants during rye bread making

ANNA HORSZWALD - FRANCISCO J. MORALES -
MARIA DOLORES DEL CASTILLO - HENRYK ZIELINSKI

SUMMARY

The formation of antioxidants and contaminants such as acrylamide (ACR), hydroxymethylfurfural (HMF) and fur-
fural (FUR) during rye bread making was investigated. Flours with extraction rates of 700, 850, 950 and 1000 g-kg!
were used. Flour, dough, slice of bread, crust and crumb were analysed. Results are expressed on dry matter basis.
Antioxidant capacity of water- and lipid-soluble antioxidants were measured by photochemiluminescence assay.
Quencher approach was adapted to total antioxidant capacity and total reducing capacity (Folin-Ciocalteau) methods.
Bread based on wholemeal flour showed the highest antioxidant capacity and the lowest levels of potentially harmful
compounds (ACR: 50 ug-kgl; HMF: 33.6 mg-kgl; FUR: 1.6 mg-kg!). Estimation of dietary intake of ACR, HMF and
FUR from rye bread was 4.93 ng-kgl-per day, 4.47 ugkgl-per day and 0.18 ug-kgl-per day, respectively. Levels of
ACR, HMF and FUR were 27-fold, 631-fold and 31-fold in crust, respetively, which represents less than 15% of the
total weight of the bread, compared to crumb. Crust was also the principal contributor to maintain the overall water-
soluble antioxidant capacity being up to 3.5-fold more active than crumb or dough. Any mitigation strategy might

consider risk and benefits associated with crust.
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Traditional foods play a pivotal role as they
reflect cultural inheritance and influence the
dietary patterns in different countries. Nowadays,
consumers are more interested in nutritional and
health aspects of traditional foods and more at-
tention is being drawn by manufacturers to these
requirements [1]. Traditional rye bread making
includes three main stages: sourdough prepara-
tion (by mixing sour, flour, water, yeasts and salt),
dough fermentation and baking. Baking induces
a series of physical and chemical alterations in-
cluding evaporation of water, volume expansion
and formation of porous structure, protein dena-
turation, starch gelatinization and also changes
on the surface of the formed bread [2]. The most
visible transformation is connected with colour de-
velopment in the crust due to chemical reactions
occurring during baking. Reactions involved in
this process are essentially Maillard reaction and

caramelization [3], which influence the flavour
strongly reflecting to the consumer’s acceptability
of products [4]. Other food quality parameter such
as the nutritional value is also affected by the im-
pairment of available amino acid caused by Mail-
lard reaction.

Hydroxymethylfurfural ~ (HMF),  furfural
(FUR) and acrylamide (ACR), within others, have
been reported as newly formed potentially harm-
ful compounds and, as a consequence, they are
used as index of food quality deterioration [5-9].
A huge number of attempts have been made to
mitigate the formation of those compounds in
foodstuffs with special attention to ACR [10, 11].
Formation of ACR occurring during manufactur-
ing of bakery products has received great attention
in the recent years and mitigation strategy is of
European concern. Among the mitigation strate-
gies, the addition of glycine and the use of the en-
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zyme asparaginase seem the most promising [12,
13]. On the other hand, the addition of antioxidant
compounds or extracts of plant origin is currently
under investigation, and preliminary results pub-
lished until now are extremely promising [14, 15],
although some controversial effect was observed
in model systems [16]. Simultaneously, health-
supporting compounds, such as antioxidants, are
also generated during baking [17]. It has been re-
ported that colour development induced during
baking, which is attributed to the formation of ad-
vanced products derived from both Maillard and
caramelization reactions, strongly correlated with
contents of compounds possessing antioxidant ca-
pacity [18]. For instance, melanoidins are able to
scavenge peroxyl, hydroxyl, DPPH* (2,2-diphe-
nyl-1-picrylhydrazyl) and ABTS** (2,2’-azobis-3-
ethylbenzothiazoline-6-sulphonic acid) radicals
[19-22], to chelate metal ions [19, 23], to prevent
oxidative stress in cellular cell lines [24] and to
modulate the phase I and II xenobiotic enzymatic
machinery for chemopreventive response [25].
Thus, changes in the technological process and/or
in the bread recipe should be considered both for
obtaining healthier foods and mitigation of harm-
ful compound [26].

To the best of our knowledge, no data on the
formation of process contaminants and beneficial
products associated with antioxidant capacity dur-
ing rye bread making according to the traditional
procedure have been investigated, which was the
aim of the present research.

MATERIALS AND METHODS

Chemicals

Hydroxymethylfurfural, potassium ferrocya-
nide, zinc acetate, potassium persulfate, acryl-
amide,  2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS), Trolox
(6-hydroxy-2,5,7,8-tetramethylchromane-2-car-
boxylic acid) and ferulic acid were supplied by
Sigma-Aldrich (Diesenhofen, Germany). Furfural
was purchased from Fluka (Schnelldorf, Ger-
many). Acetonitrile of liquid chromatography
grade was supplied by Scharlab (Madrid, Spain).
Cellulose, sodium carbonate and ethanol were
from POCh (Gliwice, Poland). [13C3]-Acrylamide
of isotopic purity was from Cambridge Isotope
Labs (Andover, Massachusetts, USA). ACW kit
No. 400.801 (Antioxidant Capacity of Water so-
luble substance) and ACL kit No. 400.803 (Anti-
oxidant Capacity of Lipid soluble substance) were
from Analytic-Jena (Jena, Germany). Ultrapure
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water was used throughout the experiments (Sim-
plicity System, Millipore, Molsheim, France). All
other chemical were of analytical grade.

Materials

Rye grains of the cultivar Warko were select-
ed from breeding materials grown in central Po-
land (DANKO, Plant Breeding, Laski, Poland) in
2007, tempered to 14.0% moisture and milled on
a Quadrumat Senior laboratory mill (Brabender,
Germany) to obtain flour with extraction rates of
1000 g'kg! (wholemeal flour), 950 gkgl (brown
flour), 850 gkg! (brown flour) and 700 gkg!
(light flour). The flours obtained were used for rye
bread making in a pilot-scale bakery.

Rye bread making process

Rye bread type I was based on wholemeal
flour, type II on flour with extraction rate of
950 g-kg'L, type III on flour with extraction rate of
850 g-kg! and type IV on light flour with extrac-
tion rate of 700 g-kg-l. Salt and baker’s yeast used
in the formulation of bread dough were purchased
from a local food manufacturer. Rye breads were
produced in Poland at a pilot-scale bakery using
traditional sourdough fermentation with baker’s
yeast addition. For each type of bread the sour-
dough starter was prepared from the respective
type of flour. The three-stage method was used to
make dough. Sourdough starter, as the first stage,
was prepared by mixing 36% of the respective
rye flour and 64% of water. This mixture was left
to ferment for 48 h at 28 °C. The second stage —
sour was prepared by mixing 300 g of sourdough
starter, 300 g of each type of rye flour, 300 ml of
water and 10 g of yeast. The mixture was left to
ferment for 3 h at 28 °C. In the third stage, dough
was prepared by mixing 800 g of sour, 600 g of the
respective rye flour, 300 g of water and 20 g of salt,
and then the dough was left for final fermentation
for 30 min at 28 °C in a ferment chamber. Pieces
of dough (350 g) were molded by hand, panned
and proofed for 45 min at 28 °C (75% relative
humidity). Breads were baked in an electric oven
at 260 °C for 40 min. Breads were cut into slices
of 1 cm thickness and crumbs and crusts were
manually separated. The samples were frozen,
lyophilized and ground. Powdered samples (flour,
dough, bread and the corresponding crumbs and
crusts) were stored at 4 °C in hermetic bags sealed
under vacuum. The dry matter contents in slice,
crumb and crust of bread based on rye flours with
extraction rates of 1000, 950, 850 and 700 g-kg'!
were of 626, 630, 641 and 545 g-kgl in slices, 604,
547, 617 and 608 gkgl in crumbs, and 893, 895,
888 and 892 g-kg! in crusts, respectively.
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Determination of acrylamide (ACR)

ACR was analysed according to RUFIAN-HE-
NARES et al. [27]. Four hundred and fifty mg of
powdered samples were weighed and suspended
in 5 ml of milli-Q water. Subsequently, 100 ul of
10 mg1! [13C3]-labelled acrylamide methanol so-
lution was added into sample suspension and then
thoroughly mixed for 1 min using a vortex. After
that, 750 wl of Carrez I and 750ml of Carrez II
were added, and the mixture was vortexed for
10 s. Then the sample was left for 10 min at room
temperature and finally centrifuged at 4 °C for
15 min at 2400xg (Hettich Universal-320R, Tut-
tlingen, Germany). Supernatants were transferred
to separate microtubes and were frozen. Before
acrylamide analysis, samples were defrosted and
centrifuged at 10000xg at room temperature for
10 min (Hettich Mikro-20). Aliquots of 1 ml of the
supernatants were clarified on a pre-conditioned
Oasis HLB cartridge (Waters, Milford, Massachu-
setts, USA). The first seven drops were discarded
and the rest was collected in glass vials for further
LC-MS analysis. LC-MS was performed on an
Agilent 1100 liquid chromatograph coupled to an
Agilent Quadrupole MS detector (Agilent Tech-
nologies, Palo Alto, California, USA). Separation
was carried out on an Inertsil ODS-3V analytical
column (250 x 4.6mm, 5 um; GLC Sciences, To-
kyo, Japan) at 32 °C with isocratic elution. The in-
jection volume was 60 ul, the mobile phase was wa-
ter: formic acid (99.8:0.2; v/v) and a flow rate was
of 0.6 ml'min-l. Data acquisition was performed,
with a delay time of 8 min, in a selected ion moni-
toring mode (SIM). Monitored ions were those of
m/z of 72.1 and 75.1 for ACR and 13C3-ACR, re-
spectively. ACR was quantified using a calibration
curve constructed by injecting external standard
solutions of ACR in concentrations ranging from
1 g1l to 100 pg-l-l. The results were expressed as
ugkgl (micrograms of ACR per kilogram of dry
matter). The method was in-house validated for
linearity, precision and recovery. Accuracy was ex-
ternally accredited by proficiency tests launched
by the Institute for Reference Materials and
Measurements (Geel, Belgium) and FAPAS (Food
Analysis Performance Assessment Scheme), yield-
ing satisfactory z-score of 0.5, -1.0 and —1.1. The
analyses are integrated within the scope of a cer-
tified laboratory controlled by AENOR (Spanish
Association for Standardisation and Certification).

Determination of hydroxymethylfurfural (HMF)
and furfural (FUR)

HMF and FUR were chromatographically
determined in samples according to RUFIAN-
HENARES et al. [28]. Briefly, 0.5 g of powdered

sample was weighed and added to 5 ml of 0.1%
formic acid, and the mixture was vortexed for 10 s.
Then, the sample was clarified with 250 ul of Car-
rez I and 250 ul of Carrez II solutions. After that
step, the mixture was centrifuged at 2400xg for
10 min at 4 °C (Hettich Universal-320R), and the
supernatant was collected. The extraction proce-
dure was repeated twice and finally the superna-
tants were pooled, divided in aliquots of 1 ml and
filtered employing nylon filters of the pore size
of 0.45 um. The filtrates were used for analysis of
HMF and FUR. Results were expressed as mg-kg!
(milligrams of HMF or FUR per kilogram of dry
matter).

Antioxidant capacity by photochemiluminescence
(PCL) assay

Photochemiluminescence (PCL) assay, based
on the methodology of Porov and LEWIN [29], was
used to measure the antioxidant capacity of the ex-
tracts with a Photochem apparatus (Analytik Jena,
Leipzig, Germany) against superoxide anion radi-
cals generated from luminol, a photosensitizer,
when exposed to UV light. The assay was per-
formed using both ACW and ACL kits provided
by the manufacturer to measure the antioxidant
capacity of hydrophilic and lipophilic compounds,
respectively. The experimental procedure was re-
cently described in detail by ZIELINSKA et al. [30].
Prior to analysis, hydrophilic and lipophilic anti-
oxidants were extracted from the samples. For ex-
traction of the hydrophilic antioxidants, 100 mg of
the sample were added to 1 ml of deionized wa-
ter treated in an ultrasonic bath for 30 s, vortexed
for 30 s and centrifuged at 13200xg for 5 min at
4 °C (Centrifuge 5415R; Eppendorf, Hamburg,
Germany). Water extraction was repeated five
times and the supernatants were pooled into cali-
brated flasks. The same procedure was applied to
extraction of lipophilic compounds with ethanol/
hexane (4:1, v/v). The freshly prepared superna-
tants were taken for further evaluation of the anti-
oxidant capacity. The extracts for ACW and ACL
measurements were centrifuged at 16000xg for
5 min prior to analysis. The assay was carried out
in triplicate, and the antioxidant capacity was ex-
pressed as mmol-kg! (Trolox equivalents per kilo-
gram of dry matter).

Total antioxidant capacity by direct ABTS assay
The direct measurement of the total antioxi-
dant capacity was performed according to GOK-
MEN et al. [31] with some modifications outlined
below. The ABTS stock solution was prepared ac-
cording to RE et al. [32] and then it was diluted by
50% aqueous ethanol. The freshly prepared ABTS
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working solution (6 ml) was directly added to the
powdered samples (10 mg) followed by continu-
ous stirring for 30 min at room temperature with-
out light exposition. After that time, samples were
centrifuged at room temperature at 13200xg for
10 min and the absorbance of optically clear su-
pernatants was measured at 734 nm using a spec-
trophotometer (UV-160 1PC; Shimadzu, Kyoto,
Japan). For the sample dilution as well as for
blanks and standards, solid-state cellulose was
used. A calibration curve of Trolox in the range of
concentrations of 0.125 mmol-l'l to 1.75 mmol-I-!
was constructed. All measurements were carried
out in triplicate and were expressed as mmol-kg!
(as Trolox equivalents per kilogram of dry matter).
The direct analysis of the solid samples has been
called as “quencher approach” by its authors [31].

Total reducing capacity (TRC) by direct assay

The “quencher approach” was adapted for first
time to the Folin-Ciocalteu reaction in order to
achieve a direct measurement of the reducing ca-
pacity of the samples without any extraction step
prior to analysis and without underestimation of
this activity. The proposed method is based on the
reaction of Folin-Ciocalteu reagent with the func-
tional hydroxy groups of free, chemically bound
and physically entrapped phenolic compounds.
Folin-Ciocalteu phenol reagent consists of a mix-
ture of the heteropoly acids, phosphomolybdic and
phosphotungstic acids, in which the molybdenum
and tungsten are in the 6% state. On reduction
with certain reducing agents, so called molybde-
num blue and tungsten blue are formed, in which
the mean oxidation state of the metals is between
5 and 6. As the reduced Folin-Ciocalteu reagent
is blue, it is possible to carry out the determina-
tion of the total reducing capacity of solid sample
with a spectrophotometer in the wavelength range
from 500 nm to 750 nm. The assay was carried
out as follows: 250 ul of Folin-Ciocalteau reagent
prepared with 50% aqueous ethanol were directly
added to 30 mg of individual powdered samples.
Then, 0.5 ml of saturated NaCOs3 was added and
the mixture was mixed well on vortex followed by
addition of 4 ml of 50% ethanol. Next, the mixture
was left for 25 min in the dark at room tempera-
ture. After that time, the mixture was centrifuged
at 13200 xg for 10 min at room temperature. The
absorbance readings were taken at A = 725 nm
using a spectrophotometer (UV-160 1PC). The
ferulic acid prepared in 50% aqueous ethanol was
used for the construction of the calibration curve
within the concentration range of 0.062-1.0 g-1-1.
All measurements were performed in triplicate.
The total reducing capacity (TRC) was expressed
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as g'kg'! (ferulic acid equivalents per kilogram of
dry matter).

Statistical analysis

Statistical significance of data was analysed
by one-way analysis of variance (ANOVA) fol-
lowed by the Fischer LSD test using the Statistica
7.0 Program (StatSoft, Tulsa, Oklahoma, USA)
for Windows. The level of significance was set at
P < 0.05.

RESULTS AND DISCUSSION

Potential health-promoting properties
of rye breads
Scavenging activity of superoxide anion radicals

PCL assay was carried out to assess the anti-
oxidant capacity of both lipophilic and hydrophilic
compounds from rye bread samples. Lipophilic
compounds were extracted with organic solvents
and all the samples were found to be able to
scavenge superoxide anion radicals to some extent
(Fig. 1). Not only the extraction rate of the flour,
but also the dough preparation step had a signifi-
cant impact on the antioxidant capacity exerted
by the lipophilic fraction. Dough formulated from
wholemeal and 950 g-kg!l extraction rate showed
similar PCL-ACL values, which were higher com-
pared to those found for the rest of the samples
hereby studied. Therefore, it is plausible that
ethanol/hexane soluble antioxidants could be re-
leased during dough fermentation, as it was sug-
gested by LIUKKONEN et al. [33]. The PCL-ACL
values of rye flours ranged from 1.10 mmol-kg'! to
1.65 mmolkg! and the lowest PCL-ACL activity
was recorded for rye flour with the extraction rate
of 700 g'kgL.

After baking, a significant decrease in the
PCL-ACL values by approximately 60% was ob-
served. The PCL-ACL values of the crumb were
higher than those found in crust, and both signifi-
cantly decreased with lower flour extraction rate
(Fig. 1). The antioxidant capacity of newly formed
lipid-soluble antioxidants originating from crust
were lower (11.9, 23.5, 15.1 and 12.5%, respec-
tively) in comparison to those obtained for slices
based on flour extraction rate (1000, 950, 850 and
700 g-kgL, respectively). Contrary to that observed
for the potentially harmful process contaminants
and discussed later, crumb exerted a greater con-
tribution to the overall antioxidant capacity to-
wards lipid-soluble antioxidants than crusts in
bread slices.

The antioxidant capacity of the aqueous ex-
tracts (PCL-ACW) is shown in Fig. 2. Hydrophilic
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Fig. 1. Antioxidant capacity of the four types of rye flour, dough and bread (including slice, crumb and crust)
formed by lipid-soluble compounds (PCL-ACL).

Data are expressed on a dry matter basis. Vertical bars represent the standard deviation. Different letters within series (flour,
dough, slice, crumbs and crust) are statistically different (P < 0.05). Extraction rates of flours in horizontal layer are expressed

as g-kg.
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Fig. 2. Antioxidant capacity of the four types of rye flours, doughs and breads (including slices, crumbs and
crusts) formed by water-soluble compounds (PCL-ACW).

Data are expressed on a dry matter basis. Vertical bars represent the standard deviation. Different letters within series (flour,
dough, slice, crumbs and crust) are statistically different (P < 0.05). Extraction rates of flours in horizontal layer are expressed

as g-kg.

compounds present in rye flour with different ex-
traction rates were able to scavenge superoxide an-
ion radicals to some extent. The highest scaveng-
ing effect was noted for wholemeal flour and flour
with extraction rate of 950 g-kg 1, whereas the light
flour showed the lowest ability to scavenge su-
peroxide anion radicals. This relationship was in
agreement with our previous work on the bioac-
tive compounds in rye flours with different extrac-
tion rates [34]. The dough preparation step caused
a significant increase in the antioxidant capacity
exerted by the hydrophilic fraction when com-
pared to flours. The ability of hydrophilic fractions
to scavenge superoxide anion radicals was more
than two-fold higher than it was noted for flours.

Moreover, almost linear decrease in PCL-ACW
values of doughs was noted when formulated on
rye flours with the extraction rate of 1000, 950,
850 and 700 g-kgl, respectively. The PCL-ACW
values of doughs ranged from 1.96 mmol-kg! to
0.78 mmol-kg! (Trolox equivalents per kilogram
of dry matter) in this case. Baking affected the
antioxidant capacity of the samples due to water
soluble antioxidants. A major formation of water-
soluble antioxidants (ACW) was found in crusts.
The composition of the flour influenced the values
on antioxidant capacity of the dough. However, no
statistically significant differences were noted be-
tween slices prepared from bread based on flour
with extraction rates of 1000, 950 and 850 g-kgl.
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Breads made on the basis of refined flours (extrac-
tion rate of 700 g-kg'!) contained lower amounts of
water-soluble antioxidants than those less treated
(extraction rates of 1000, 950 and 850 g-kg1).

Total antioxidant capacity (TAC)

Results on total antioxidant capacity of the
samples measured by direct contact of the solid
samples with the ABTS** radicals are shown in
Fig. 3. Similar TAC values were obtained for sam-
ples corresponding to flours with extraction rates
of 1000 g'kg! and 950 g-kg1, respectively. In sam-
ples submitted to further extraction (850 gkg!
and 700 g-kg! extraction rates), significantly lower
amounts of scavengers of ABTS*+ radicals were
detected. TAC values of the dough were lower
than those detected in its corresponding flours;

however, the differences between both types of
samples were not statistically significant. Accord-
ing to the comparative analysis of the TAC values
found by analysis of dough and bread slices, baking
resulted in a significant degradation of scavengers
of ABTS*+ radicals regardless of the extraction
rate. Moreover, no statistical differences between
TAC values of slices and crumbs were observed.
The strongest radical-scavenging activities among
the samples corresponded to crust. Data indicated
that baking degraded some antioxidants in flour,
which are naturally occurring or produced during
dough preparation, while others are newly gener-
ated during formation of the crust. Melanoidins,
melanoproteins or prolinated proteins are also
known to be formed during baking [17], thus con-
tributing to the antioxidant capacity of rye bread
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Fig. 3. Total antioxidant capacity of the four types of rye flour, dough and bread.

represent the standard deviation. Data are expressed on a dry matter basis. Different letters within series (flour,

dough, slice, crumbs and crust) are statistically different (P < 0.05). Extraction rates of flours in horizontal layer are expressed
as g-kg.
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Fig. 4. Total reducing capacity of the four types of rye flour, dough and bread.

Vertical bars represent the standard deviation. Data are expressed on a dry matter basis. Different letters within series (flour,
dough, slice, crumbs and crust) are statistically different (P < 0.05). Extraction rates of flours in horizontal layer are expressed

as gkg.
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Tab. 1. Content of acrylamide (ACR) in rye breads.

Bread type / ACR [ugkg']

flour extraction rate Slice Crumb Crust
Type | / 1000 50112  (31) 16 +0.1b e 359 + 23.0a (320)
Type Il / 950 58 +1.4b6  (37) 14 + 092 (8) 464 £ 290 (416)
Type Il / 850 62+0.1¢  (40) 15+ 0.6ab  (9) 367 + 6.92 (326)
Type IV / 700 57 +29b  (31) 14+01ab (9 385 = 12.4a (343)

Data are expressed as mean = standard deviation (n = 3) on a dry matter basis. Means in a column followed by different
letters are significantly different (P < 0.05). Values in brackets express the mean ACR content in fresh portion. Extraction rate

is expressed in g-kg1.

with a double important function to preserve the
quality “sensory and nutritional” of the breads by
preventing oxidation of fundamental compounds
and to contribute to the intake of compounds
possessing antioxidant activity as part of the diet
preventing in vivo oxidation processes [35].

Total reducing capacity (TRC)

Data on total reducing capacity of the samples
were measured by application of the “quencher
approach” in combination with the Folin assay
(Fig. 4). Flours samples showed reducing capacity
values from 2.21 g-kg! to 1.00 g-kg! and related
to the flour extraction rate. Dough preparation
slightly increased the reducing capacity due to
the releasing compounds able to reduce Folin-
Ciocalteu’s reagent (FCR). The highest reducing
capacity was recorded in dough from wholemeal
flour. This finding was in accordance with that
reported by KATINA et al. [34] who found a de-
pendence of antioxidant activity of the fermented
dough versus flour extraction rate. Baking result-
ed in decreased reducing capacity noted in slice
and crumb when compared to dough. In contrast,
bread crusts were characterized by the highest to-
tal reducing capacity, being higher by 56.1, 60.0,
57.2 and 65.5% when compared to the slices pre-
pared from breads formed on flour with extraction
rate of 1000, 950, 850 and 700 g-kg-l, respective-
ly. The total reducing capacity values correlated
with PCL-ACW (r = 0.92) and with TAC values
(r = 0.92), thus suggesting that this assay could
be applied for characterization of cereal-based
products.

Formation of potentially toxic compounds
during baking
Acrylamide (ACR) content

As expected, ACR was neither detected in rye
flours nor in its respective dough, but ACR was
formed during baking as measured in bread slices
(Tab. 1). ACR content ranged from 50 pg-kg! (dry

matter) to 62 ug-kg! (dry matter) that corresponds
to contents ranging from 31 ug-kg! to 40 ug-kg!
in the fresh slice. These data are in agreement
with those previously reported in literature for rye
bread [37, 38].

ACR formation did not depend on the extrac-
tion rate of the flour. However, the lowest content
was in bread slice based on flour with extraction
rate of 1000 g-kg-! whilst slightly higher, but not
statistically different, were in slices from breads
based on flour with extraction rates 950-850 g-kg-1.
This finding was different from data reported by
CrAus et al. [S] for wheat-, rye- and spelt-flour
breads. These authors found a positive relation-
ship between ACR content and the extraction rate
of the flour used regardless of the type of flour.
In that study, protease and amylase activities in-
creased with higher extraction rates, resulting in
higher concentrations of asparagine and reducing
saccharides in the flour, which are precursors of
ACR. In our study, only statistical differences be-
tween bread based on flours with extraction rates
of 1000 g'kg-! and those based on flours with ex-
traction rates of 950-700 g-kg-! was detected. This
discrepancy could be attributed to the fermenta-
tion step. It is known that fermentation is able to
reduce free asparagine in dough and subsequently
to reduce ACR formation in bread [37]. In con-
trast, our results agreed with those reported re-
cently by CApUANO et al. [39] where ACR content
did not exactly parallel the free asparagine content
of flour after extraction.

As expected, major formation of ACR was ob-
served in the crust, as it was previously reported
[37]. Formation of ACR is basically a surface event
in bakery products since the rapid water loss at the
surface during baking enhances ACR formation.
ACR content in crusts was approximately 27-fold
higher than that in the crumb. Therefore, average
contribution of ACR formed at crust on the whole
slice was estimated as 9.9% =+ 1.5%. Again, no
relationship was observed between levels of ACR
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in crust or crumb, and the extraction rate of the
flour.

According to the European Commission re-
ports, levels of acrylamide in bakery products
range from 50 pgkg! to 450 ug'kg! [38]. Daily
consumption of acrylamide is 35-40 ug per day,
which represents the average exposure for adults
(with 70 kg of body weight, bw) close to 0.5 pugkg1
bw-per day [40]. In Poland, the total consumption
of bread is 71 kg per year and person (rye bread
5%, wheat bread 19.2%, and the rest are related
to wheat/rye mixed breads) [41]. The monthly in-
take of rye breads in Poland is on average 0.3 kg
per person, with an average ACR content of
34.52 ugkgl in fresh slice. Having all this evi-
dence, estimation of daily intake of ACR from
fresh rye bread to Polish population was estimated
to be 4.93 ng-kg'! bw-per day. This value is close to
1% of the average exposure for adults.

HMF and FUR contents

Tab. 2 and Tab. 3 summarize results on the for-
mation of furanic compounds during rye bread
making and its respective portions in crumb and
crust. HMF contents in bread slices were compa-
rable to those reported in the literature for dif-
ferent bakery products [6, 39]. Average forma-
tion of HMF and FUR in fresh bread slices was
31 mgkg! FW (fresh weight basis) and 0.4 mg-kg!
FW, while in crusts was 803 mgkg! FW and

18 mg-kg1 FW, respectively. Lowest levels of HMF
were found in crumbs. HMF contents in crust
were approximately 25 fold higher than those de-
termined in fresh bread slices, and 631 fold higher
than in crumb. Therefore, average contribution of
HMF and FUR from the crust on the whole slices
was estimated as 4% = 0.4%, and 8% =+ 2.0%, re-
spectively.

Formation of HMF and FUR was evaluated
according to the extraction rate applied to flours.
The highest levels of HMF and FUR were ob-
tained in bread slice from flour with the lowest ex-
traction rate (700 g-kg-1) whilst lower contents, sta-
tistically different, were in slices from breads based
on flour with extraction rates 1000-850 gkgl.
However, HMF and FUR in crust significantly
correlated with the flour extraction rate used in
the formulation. The finer was the flour used,
the higher were FUR and HMF concentrations.
Maillard reaction and saccharide degradation are
contributing to HMF and FUR formation dur-
ing bread making. Opposite to ACR, sucrose and
hexose degradation contribute the most to HMF
formation. Pentose or even HMF degradation at
severe baking conditions are responsible for FUR
formation. In addition, furanic compounds are
also detected in vapours generated during bak-
ing and net measurement of furfural in bakery
products is a net value between rate of formation
and evaporation [42]. Since FUR can be formed

Tab. 2. Content of hydroxymethylfurfural (HMF) in rye breads and its crumb and crust.

Bread type / HMF [mg-kg™]

flour extraction rate Slice Crumb Crust
Type 1/ 1000 33.6 £ 4.12 (21.1) 1.1x£012 (0.7) 568.9 + 1232  (507.8)
Type Il / 950 441 +0.32 (27.7) 08+01b (0.5) 701.6 + 53.00  (627.7)
Type Il / 850 44.6 + 482 (28.6) 22+01¢c  (1.3) 830.3 + 249¢  (737.6)
Type IV /700 87.9 = 4.85 (47.9) 16019 (1.0 1500.9 + 2259 (1339.1)

Data are expressed as mean =+ standard deviation (n = 3) on a dry matter basis. Means in a column followed by different
letters are significantly different (P < 0.05). Values in brackets express the mean HMF content in fresh portion. Extraction rate

is expressed in g-kg-1.

Tab. 3. Content of furfural (FUR) in rye breads and its crumb and crust.

Bread type / FUR [mgrkg]

flour extraction rate Slice Crumb Crust
Type |/ 1000 1.6+03a (1.0) 0.6 = 0.001 2 (0.4) 148 + 052 (13.2)
Type Il / 950 1.6+012 (1.0 0.7 £0.05> (0.4) 10.7 £ 0.7 (9.6)
Type Il / 850 1.9+01a (1.2 0.6 = 0.002 2 (0.4) 20.7 + 0.5¢ (18.3)
Type IV / 700 33x02b (1.8 0.7 = 0.003 » (0.4) 34.1 £ 0.3 (30.4)

Data are expressed as mean =+ standard deviation (n = 3) on a dry matter basis. Means in a column followed by different
letters are significantly different (P < 0.05). Values in brackets express the mean FUR content in fresh portion. Extraction rate

is expressed in g-kg-.
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after degradation of HME its use as an indicator
for the development of caramelization process as
well as of confirmation of high-temperature manu-
facturing has been recently suggested [8]. FUR
was formed in lower amounts during bread mak-
ing as compared to HME, but followed a similar
trend. In contrast, presence of heterocyclic com-
pounds like furfurals and furanones in foods are
not only linked to safety issues or aroma profile of
foods, but also to their antioxidant capacity [35].
Then, there is a dual criterion to estimate the po-
tentially harmful presence of these compounds in
bread that should be well addressed.

The estimated daily intake of HMF and FUR
from fresh rye bread to Polish population was
4.47 ugkgl and 0.18 ugkgl bw per day, whilst
from crumb of fresh rye bread was 0.12 ug-kg-1 and
0.05 wgkgl bw per day, respectively. Crust was
the major contributor to the exposure, accounting
for 97.2% and 69.8% of HMF and FUR, respec-
tively. The estimated daily intake of furfural and
precursors of furfural (i.e. furfuryl alcohol and fur-
furyl esters) from consumption of foods in which
they occur naturally, is approximately 300 ug-kg!
bw-per day [43]. Thus, the intake of furfural from
rye bread represents only 0.06% of the total in-
take.

CONCLUSIONS

Rye bread making not only promotes the for-
mation of beneficial substances with antioxidant
activity, but also potentially harmful ones. Both
processes are concomitant and inherent to the
rye bread consumption. The results provided by
this study indicate that dough fermentation con-
tributed positively to the generation of lipophilic
compounds, exhibiting antioxidant and reducing
capacities, which are later diminished during bak-
ing. In contrast, baking of rye bread caused a ma-
jor formation of new water-soluble antioxidants,
which are preferably located in the crust, but also
ACR, HMF and FUR. Then, any additional miti-
gation strategy should consider carefully risk and
benefits associated to crust. Data provided in the
present paper are useful to improve the tech-
nology of the rye bread making process on the
basis of understanding chemical changes taking
place, in order to produce a healthier food.
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