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Wheat dough exhibits poor processibility immediately after a mechanical strain, such as mixing or laminating.
For proper dough processing, the relaxation of gluten network must occur during a process interrupting resting
time of usually 10-25 min. The ability of electric fields to induce modifications in biological structures within
seconds, makes an application of this technique reasonable for accelerating the structural relaxation during

dough resting. Applying alternating current electric fields (AC-fields) to wheat dough, causes viscoelastic
properties corresponding to those of rested dough: AC-fields (110-260 V, 1-5 s) increased extensibility and
softness of dough corresponding to resting times up to 25 or rather 50 min. Based on this significant acceleration
of structural relaxation, an almost continuously dough processing after a mechanical stress by a simple and short
post-processing step without changing dough’s gas release (AVioa1 < 3.0%) as well as holding capacity (Agas
retention < 1.47%) and the textural properties of the product appears feasible.

1. Introduction

The input of mechanical energy to flour and water is a requirement
for dough formation, but simultaneously hampers an immediate dough
processing afterwards. The gluten-based polymeric matrix, which is
formed during kneading, corresponds to a three-dimensional cohesive
network with viscoelastic properties. The interactions of the network
relevant gluten proteins, gliadin and glutenin, are based on non-covalent
interactions, like hydrogen bonds, ionic or hydrophobic forces. In
addition, covalent disulphide bridges, mediated via cysteine residues,
affect network structure and functionality significantly (Wieser, 2007).
According to Schiedt et al. the rheological behavior of dough results
from a combination of microstructural and molecular properties of
dough and can be assigned to the following three components (Schiedt
et el, 2013): the influence of starch-gluten interactions (1),
starch-starch interactions (2) and the state of the gluten network (3). In
particular with regard to large mechanical deformations (e.g. kneading
or laminating), gluten network is of significant importance (Amemiya
and Menjivar, 1992). In consequence, gluten network properties are
regarded as responsible for a limited processibility of wheat dough
directly after a mechanical stress (Schiedt et al., 2013; Belton, 1999;
Albrecht, 2003). The imposition of mechanical stress extends and aligns
the gluten polymers (Belton, 2005). Compared to an entangled polymer
system, an aligned system offers a higher resistance against deformation
combined with a strong retraction force, thus, explaining the poor
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processibility of previously mechanical stressed gluten. Since the
aligned conformation of gluten polymers does not correspond to the
favorited state, a restructuring/re-polymerization takes place over time.
According to Kim et al., who suppose a mechanism of gluten relaxation,
the absence of mechanical stress promotes disulphide interchange re-
actions at the early state of relaxation process. Simultaneously, the
polymers are prone to a random orientation. The faster disulphide
interchange reactions increase the size of the aligned polymers and
supports the formation of non-covalent interactions between the aligned
polymers at the beginning of relaxation. However, polymer orientation
becomes more and more random with increasing rest time. Therefore,
non-covalent interactions decrease/become weaker (Kim et al., 2008).
Regarding the rheological properties, this means a reduced resistance to
deformation as well as restoring force and thus, a requirement for dough
processibility. Since these structural rearrangements are time
consuming and cause a compliance of rest periods between processing
steps, more effective alternative are of great interest for a continuous
wheat dough processing. In principle, techniques, which are able to
modify biological structures, could be appropriate to accelerate the
structural rearrangement during resting. Especially electric fields seem
to be promising due to their ability to modify protein-based structures.
Since peptides exhibit a dipole moment of approximately 3.46 Deby (Hol
et al., 1978; Derr et al., 2020) their structure could be modified due to
the resulting forces of an electric field. The modifications are assumed to
occur at secondary and tertiary level (Zhao et al., 2012) and thus,

Received 2 June 2021; Received in revised form 31 August 2021; Accepted 10 September 2021

Available online 15 September 2021

0260-8774/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:mjekle@tum.de
www.sciencedirect.com/science/journal/02608774
https://www.elsevier.com/locate/jfoodeng
https://doi.org/10.1016/j.jfoodeng.2021.110818
https://doi.org/10.1016/j.jfoodeng.2021.110818
https://doi.org/10.1016/j.jfoodeng.2021.110818
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jfoodeng.2021.110818&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Brandner et al.

maintain the molecular structure. In general, an electric field cause an
orientation of an existing dipole as well as an induction of further di-
poles due to a shifting of charge carriers within atoms/molecules, a
movement of free electrons or charged particles and a change of the
dielectric constant (Wada, 1976; Martin et al., 2018). This primarily
affects non-covalent interactions. Since these interactions, especially
hydrogen bonds, determine the elasticity of wheat dough (Belton,
1999), an electric field is assumed to affect dough structure comparable
to the structural rearrangement during resting times and consequently,
cause comparable viscoelastic properties. To limit the distorting impact
of direct current electric fields on gluten networks, which was already
demonstrated by Aibara et al. (1992), an alternating current electric
field (AC-field) should be more appropriate. Therefore, this study as-
sesses the impact of AC-fields on the rheological properties of wheat
dough in comparison to resting times. In addition, the capability of
AC-fields' to enable a more continuous dough processing by skipping
intermediate resting times (between rounding/molding) of thin loaf
production is assessed by baking tests.

2. Experimental
2.1. Wheat dough preparation

The optimum water absorption (in consideration of flour moisture)
was determined in accordance to AACC method 54-21.02 using a
doughLAB (Perten Instruments, Hamburg, Germany). For dough prep-
aration 1000 g commercial wheat flour type 550 (Rosenmiihle Landshut,
Germany), and additionally demineralized water (54.92 parts), NaCl
(1.8 parts), sucrose (2.0 parts) and fresh yeast (3.0 parts, only for
rheofermentometer and baking tests) were mixed for 60 s at a speed of
100 rpm and kneaded for 360 s at a speed of 200 rpm in a spiral-kneader
(Diosna, Osnabriick, Germany). To control final dough temperature,
current flour temperature and temperature increase during kneading
were considered by adjusting the temperature of the added water.

2.2. Dough preparation from flour of different gluten quantity

Six flours, three with a wet gluten quantity <30% (Keks, Primus I,
Primus II) and three with a wet gluten quantity > 30% (Bun, Asano,
Opal) were used. For each flour, optimum water adsorption (in
consideration of flour moisture) and kneading time were determined in
accordance to AACC method 54-21.02. Based on 50 g flour the appro-
priate amount of distilled water was added and the flour water mixture
was kneaded for the corresponding optimum time at a speed of 63 rpm at
30 °C in a home-built z-kneading system.

2.3. Application of AC-fields to wheat dough

AC-fields with a frequency of 50 Hz and a voltage of 110-260 V were
generated by the laboratory power supply BRS 2200 (BLOCK Verden,
Germany). To apply AC-fields to wheat dough, two lateral limiting plates
with a saw tooth profile at the top were mounted on a base plate. Both
sides of the lateral limiting plates were equipped with an electrode
(surface area 5 x 10> m?). One electrode was mounted at a fixed po-
sition, whereas the other electrode remains moveable to enable a
treatment of different dough amounts. The moveable electrode is pro-
tected from slipping by mounting a fixation tap in a corresponding notch
of the saw tooth profile (see Fig. 1). For safety reasons, the experimental
setup is covered with a box, which is equipped with a magnet for closing
the electrical circuit by a reed relay. Directly after kneading the dough
was placed between the electrodes and the position of the moveable
electrode was fixed to guarantee close contact to the dough (see Fig. 1,
right side). To enable a reproducible treatment, complete coverage of
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the electrodes surface and an almost flush finish of the dough were
ensured for every treatment. Electric circuit was closed by a reed relay
after placing the upper part of the box (equipped with a magnet) on top
of the experimental setup. Application time was limited to 5.0 s for
110-170V, to 3.0 s for 170-230 V and to 2.0 s for 260 V.

2.4. Rheological characterization

To estimate the efficiency of AC-fields on dough relaxation, rheo-
logical tests were applied to wheat dough directly after kneading as well
as after certain resting times, or rather to wheat dough, which was
exposed to the AC-field directly after kneading. All analysis were per-
formed in triplicate.

2.4.1. Kieffer dough extensibility rig

Based on the method of Dunnewind et al. (2003), a texture profile
analyzer (TPA) (Stable Micro Systems, Godalming, UK), equipped with a
Kieffer dough extensibility rig (Stable Micro Systems) and a 10 kg load
cell, was used for evaluating the extensibility of dough depending on
resting time or the exposure to AC-fields by measuring the force, which
is required for elongating a dough strand until rupture (force in elon-
gation mode). The test was performed with a pre-test speed of 2 mm/s, a
test speed of 3.3 mm/s, a post-test speed of 10 mm/s and a trigger force
of 0.05 N. Directly after kneading, dough was pressed in an appropriate
molder with indentations for dough strand formation. To prevent
drying-out and facilitate the removal of dough strands the indentations
were coated with paraffin oil. Before measurement dough was allowed
torest for 5, 10, 15, 25, 37 or 50 min at 30 °C, or was directly exposed to
the AC-field within the molder. Extensibility is calculated using the
distance covered by the hook until strand rupture (y), the length of the
dough at the beginning of the experiment (/y) as well as at the end (/;)
with equations (1) and (2) (Dunnewind et al., 2003).

lo

h=24/G

)+ Eq 1
I =y,
Extensibility (%) = (l—) 100 Eq 2
o

2.4.2. Dough softness

For evaluating dough softness, the measurement of the appearing
normal force during sample compression, according to the practical tips
of TA instruments (TA instruments), is appropriate. After kneading,
dough rested for 0 or 50 min in a small sealed container at 30 °C or was
directly exposed to the AC-field. Dough samples of 11.5 g were
weighted, carefully rounded and placed between the plate-plate geom-
etry (crosshatched, 40 mm diameter) of a rheometer (ARG2, TA In-
struments New Castle, USA). Before every measurement, normal force
was zeroed. The upper plate moved down with a linear velocity of 200
pm/s until a final gap of 3 mm was reached. During this downward
movement, the occurring normal force was measured until the final gap
position was reached.

2.4.3. Flow relaxation test

After kneading, dough rested for 5, 10, 15, 25, 37 or 50 min in a small
sealed container at 30 °C or was directly exposed to the AC-field. Dough
sample was placed in a MRC 502 rheometer (Anton Paar, Ostfildern-
Scharnhausen, Germany) equipped with a crosshatched plate-plate-
plate geometry of 25 mm diameter. Gap was set to 2000 pm, the sam-
ple edges were trimmed and covered with paraffin oil. A strain of 100%
was applied to the dough sample with a shear rate of 0.0208 s~ 1. Sub-
sequently, flow relaxation behavior was monitored at the constant strain
of 100% and evaluated by the time, which is necessary to reduce the
initial stress at 100% strain to 50% (Don et al., 2005). Measurement was
performed at 30 °C.
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Fig. 1. Experimental setup for the application of AC-fields to wheat dough.

2.5. Confocal laser scanning microscopy

Directly after kneading the whole dough was exposed to the AC-field
or rather just stained for the reference sample. For staining 15 pl of
rhodamine b, which was dissolved in water (0.01 g/10 ml), were
dropped at dough surface. For visualization of gluten structure, an
eclipse Ti-U inverted microscope with an e-Cl plus confocal system
(Nikon GmbH, Diisseldorf, Germany), a Plan Apo VC 60x/1.40 oil
objective and 534 nm laser was used. Microscopic analysis was per-
formed in triplicate based on three different doughs. Three images of
each sample, which was exposed to the AC-field, were taken at different
positions. In contrast, for the evaluation of time-based dough relaxation,
images were taken after defined resting times at one position. Each
image had resolution of 1024 x 1024 pixel (size 215 x 215 pm).

2.6. Gas forming and holding properties

Gas formation, based on the yeast activity, and gas holding proper-
ties of dough were monitored with a rheofermentometer (F3, Chopin,
Villeneueve-La-Garenne Cedex, France). A dough sample of 315 g was
exposed to the AC-field (260 V, 2 s), or rather directly (reference) placed
into the fermentation basket and weighted with two 0.5 kg weights. Gas
forming and holding were monitored over a period of 180 min at a
temperature of 30 °C. Analysis was performed in triplicate.

2.7. Baking tests and quality assessment

After kneading, a 660 g dough piece was rounded and stored in the
proofing chamber (30 °C, 80% relative humidity) for 0, 10 or 20 min of
resting (reference samples) or directly exposed to the AC-field (260 V, 2
s). The subsequent proceeding dough, which was exposed to an AC-field,
and rested dough was equal. The 660 g dough piece was divided into
three pieces, each with a weight of 220 g, and placed into loaf pans. For
final proofing, dough was stored in the proofing chamber at 30 °C, 80%
relative humidity for 60 min. Baking was performed in a Matador 12.8
oven (Werner & Pfleiderer Lebensmitteltechnik GmbH, Dinkelsbiihl,
Germany) at 220 °C top and 230 °C bottom heat with 0.5 1 initial steam
for 25 min. Afterwards, breads were cooled down for 2 h at room tem-
perature. For the evaluation of bread quality, the bread volume, crumb
hardness and pore structure were analysed. The specific volume was
determined with a laser-based volumeter (Volscan BVM-L 370, TexVol
Instruments, Viken, Sweden). A texture profile analyzer (TA.XT2, Stable
Micro System, Godalming, England), equipped with a 50 kg load cell,
measured the crumb hardness according to AACC standard 74-09.
Briefly, two slices, each of 12.5 mm thickness, were compressed (40%)

after exceeding the trigger force (0.05 N) with a compression plunger
(diameter 25 mm) and a compression speed of]l mm/s in two cycles with
a rest of 5 s between the cycles. Crumb hardness is defined as the
maximum force of the first compression. For pore structure analysis, a
bread slice from the middle part of the bread was used. After taking a
photo, a section of 401 x 401 pixels was analysed regarding the number
and area of pores, using MATLAB 2020a based on MATLAB’s app
designer, which provides a set of interactive UI components, which can
be used within a fully integrated version of MATLAB editor. The
autonomous algorithm was designed following a morphological image
processing and colour/size based segmentation approaches. Regarding
the image acquisition, all images were obtained at the same camera and
lens settings, as well as, at the same transversal position with respect to
the camera location to ensure a stable focus, contrast, and brightness of
the obtained images. To obtain the spatial resolution of the acquired
images, an image of a reference object (with a previously known di-
mensions) was acquired where the spatial resolution was determined
depending on the instantaneous field of view (Fahmy et al., 2020). First,
the acquired crumb images were converted to grayscale by using a
weighted average luminous model. An equation of perceived luminance
was used for the RGB channels of each image pixel: 0.299R +
0.587G+0.114B (Anderson et al., 1996). Then, the contrast of the
grayscale images was enhanced using morphological operations by a
series of erosion and dilation techniques. Second, the crumb images
were converted to black and white using Otsu’s method for
clustering-based image thresholding (Otsu, 1979). Third, the black and
white images are complemented to prepare for successful labelling of the
pores. Connected components within a single image (representing the
pores) were labelled using different colors for segmenting and
area-based sorting of the pores (Haralick and Shapiro, 1992). Finally,
the spatial resolution was used to convert pores’ pixel count into SI units
where the pores were categorized depending on their size.

Baking trials were conducted as triplicates with 3 breads per
replicate.

2.8. Statistical analysis

The statistical analysis was performed with GraphPad Prism 6
(Version 6.01, GraphPad Software Inc., La Jolla, USA). One-way ANOVA
with Tukey’s multiple comparisons tests were used to confirm corre-
sponding properties of wheat dough after resting and wheat dough
exposed to AC-fields.
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3. Results and discussion

3.1. Wheat dough rheology depending on resting time and AC-field
exposure

The structural rearrangement of gluten after a mechanical stress af-
fects the rheological properties of dough. In general, dough becomes
softer, more extensible and less elastic with increasing resting time
(Létang et al., 1999; Weegels et al., 1996). To assess these properties,
three different rheological tests are used. The Kieffer-rig test evaluates
the extensibility, a compression test the softness and a flow relaxation
test the elasticity (Lichtendonk et al., 2000). All previously described
rheological modifications become visible for the rested wheat dough:
During a resting time of 50 min extensibility increases linear (linear
regression with % 0.87) from 166.1 + 17.7% to 475.74 + 45.2% (Fig. 2
a). Furthermore, an increase of dough softness during resting becomes
visible by the decrease of the desired force to elongate the dough strand
(Fig. 2b), respectively to compress the dough (Fig. 2¢c). For elongation,
force decreases from 0.50 & 0.07 N to 0.29 + 0.04 N and for compression
from 29.98 + 2.9 N to 18.03 + 1.1 N over a resting time of 50 min.
According to the loop and train model, the structural relaxation corre-
lates with the formation of loop regions (Belton, 1999). Compared to
train regions, loops are slightly deformable. Therefore, the increasing
extensibility and softness indicate the loss of polymer alignment over
resting time. The flow relaxation behavior in Fig. 2 d) shows a slight (not
significant) decrease of flow relaxation halftime within the first 15 min
of resting. A prolongation of resting time up to 50 min cause a significant
increase of flow relaxation halftime to 26.3 + 1.1 s. An increase of flow
relaxation halftime over resting time is in accordance to literature (Don
et al., 2005) and implies a higher elastic response of the material under
the application of a constant stress due to the formation of more
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persistent interactions between the structural elements (Lichtendonk
et al., 2000).

For evaluating the effect of AC-fields on dough rheology, an appro-
priate set of parameters has to be defined to avoid an excessive increase
of dough temperature. The acceptable increase of dough temperature
was limited to 2 °C. This enables treatments up to 5 s for 110-170 V, to 3
s for 170-230 V and to 2 s for 260 V. In general, the exposure of wheat
dough to AC-field of 110-260 V for 1-5 s causes rheological properties
corresponding to rested dough of different duration (compare Fig. 2 a-
d). Therefore, the application of AC-fields can be regarded as a highly
efficient method for accelerating the structural relaxation of wheat
dough structure during resting. Depending on the analysed rheological
property, the effectivity of AC-fields to modify the mechanical dough
properties varies. This demonstrates Fig. 2 for selected AC-fields of
varying combinations of voltage and application time. In terms of
elasticity and softness in compression mode, the lowest AC-field (110 V,
3 s) induces an effect corresponding to 10-15 min resting time, whereas
stronger AC-fields can increase this effect corresponding up to 25 min
resting time for the elasticity, or rather 50 min resting time for the
softness. Also, the force in elongation mode shows lower corresponding
resting times for the lowest AC field of 110 V 3 s (10-37 min) and higher
corresponding resting times (10-50 min) for higher AC-fields. Regarding
the flow relaxation halftime, only the lowest AC-field (110 V 3 s) shows
corresponding relaxation halftimes to rested dough of 25-37 min.
Higher AC-fields exceed the effect of resting time and increase the
relaxation halftime to values > 31 s. In general, the rheological results
indicate a structural modification of wheat dough due to the exposure to
AC-fields. However, the varying effectivity of AC-fields regarding the
corresponding resting times based on the different rheological tests,
suggest a deviating structural rearrangement to that of rested dough.
The supposed mechanism will be discussed later in chapter 3.3. The
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Fig. 2. Comparison of rheological dough properties depending on resting time or exposure to AC-fields. Measurement of maximum extensibility a) of a dough strand
and force in elongation mode b) until rupture (Kieffer dough extensibility rig). Measurement of normal force in compression mode (softness) during a compression
test in c¢) and measurement of flow relaxation halftime in d). Different letters indicate significant differences between means (ANOVA, p < 0.05).
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consideration of strength (110-260 V) or application time (1-5 s) of the
AC-fields and the resulting impact on dough rheology reveals no cor-
relations. Therefore, an instantaneous effect of AC-fields on the struc-
tural relaxation of wheat dough is assumed.

3.2. Impact of protein quantity on dough rheology depending on resting
time and AC-field exposure

The quality and quantity of gluten protein significantly affect dough
rheology. Therefore, six flours (single variety) of two different cate-
gories of gluten quantities (< or > 30% wet gluten) were analysed
regarding their rheological modifications due to resting respectively the
exposure to an AC-field. Due to the limited sample amount of the single
variety flours, only a limited experimental setup was used, which gives
the most processing relevant information based on defined AC-field
settings of high effectivity. Flours high in protein (wet gluten > 30%)
show a significant increase of extensibility (Fig. 3 a), as well as decrease
of force in elongation mode (Fig. 3 b), but a constant softness in
compression mode (Fig. 3 c) over resting time. The impact of AC-fields
on dough rheology shows Fig. 3 for two selected AC-fields (170 V 2 s;
260 V 2 s). Interestingly, after the exposure to AC-fields, dough behaves
appropriate to rested dough regarding the extensibility, but contrary
regarding the force in elongation mode and the softness in compression
mode. Compared to non-rested dough, force in elongation mode remains
constant or even increases, but softness in compression mode decreases
after the exposure to an AC-field. This supports the previously assumed
divergence in the structural rearrangement induced by time or AC-fields.
Nonetheless, concerning the processibility of dough, an important in-
crease of extensibility can be achieved by the exposure of high-protein
dough (wet gluten > 30%) to AC-fields.

Regarding the low-protein flours, resting time induce a significant
decrease of force in elongation mode (Fig. 3 e), whereas softness in
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compression mode is only affected for Primus II (Fig. 3 f) and extensi-
bility is not affected at all (Fig. 3 d). Due to the low amount of gluten
protein, only weak network structures can be developed during knead-
ing. Consequently, the occurring structural rearrangement after me-
chanical stress is expected to be lower. In contrast, the exposure to AC-
fields causes a significant increase of extensibility or rather softness in
compression mode for keks and Primus I, respectively all flours. How-
ever, force in elongation mode remains constant or even increases
compared to non-rested samples. Consequently, the effect of AC-fields is
comparable to that of high-protein flours. Based on the lower protein
content, minor changes over resting time, as well as the exposure to AC-
fields, appear reasonable, since the occurring gluten-based structural
rearrangement is lower after a mechanical stress and could be domi-
nated by of other dough components, like starch or the amount of water
(hydration). In general, minor effects of resting time on dough rheology
of low protein flours are in agreement to literature (Lindborg et al.,
1997). Furthermore, stress relaxation occurs faster for low-protein
dough, probably, based on the lower amount of entanglements (Rao
et al., 2000). Therefore, the time consumption of sample preparation
could lower the detectable amount of structural rearrangement of
low-protein doughs.

3.3. Discussion of structural rearrangement induced by resting time and
AC-fields

The above shown rheological results demonstrate a tremendous ac-
celeration of structural rearrangement induced by the exposure to AC-
field for 1-3 s. Depending on flour quality, the analysed rheological
values are in full (commercial bread-wheat quality) or partial (low/
high-protein flours) accordance with those of rested dough. The
observed rheological properties after the exposure to AC-fields corre-
spond to different resting times, depending on the applied analysis. In
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Fig. 3. Impact of protein quantity (high and low) on the rheological dough properties depending on resting time or exposure to AC-fields. Measurement of maximum
extensibility (a & d) of a dough strand and force in elongation mode (b & e) until rupture (Kieffer dough extensibility rig) for dough after 5 min resting ( ), 25 min
resting (m), exposure to AC-fields of 170 V for 2 s () and 260 V for 2 s (m). Measurement of normal force (softness) during a compression test in c) and f) after 5 min
resting (), 25 min resting (m), exposure to AC-field of 200 V for 1 s (m). Different letters indicate significant differences between means (ANOVA, p < 0.05).
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combination with the opposed effects for low/high protein flours in
softness due to resting or AC-fields, a divergent mechanism of structural
rearrangement induced by AC-fields is assumed. The time-based struc-
tural rearrangement after kneading corresponds to a reconfiguration of
covalent disulphide bonds and non-covalent interactions and results in a
transfer of aligned polymers into coiled and random configuration.
These conformational changes are hardly visible at the microscopic scale
(compare Fig. 4 a and b). However, the exposure to AC-fields leads to a
notable modification. Fig. 4 c¢) shows an alignment of gluten polymer
after the application of 260 V for 2 s. This effect is already known to
occur in stronger electric fields (Aibara et al., 1992), but also seems to
appear here. Interestingly, an alignment caused by mechanical stress,
hampers dough processibility, whereas an AC-field-based alignment
improves it. Stretching the gluten polymers by a mechanical force is
accompanied by pulling apart constituents of interactions and causing
structural break down. In contrast, an electric field could change the
affinity of constituents in existing interactions among each other, due to
an orientation of dipoles, an induction of further dipoles or a movement
of free electrons/charged particles (Wada, 1976; Marklund et al., 2017).
In consequence, structural modification induced by an electric field is
rather based on a shift of the equilibrium state of the system. In
particular, electrostatic-based interactions will be affected by an electric
field. Regarding wheat dough, this would mainly affect hydrogen bonds,
which are important for the elasticity of the dough system (Belton,
1999). If the exposure of wheat dough to an electric field lowers the
affinity of hydrogen bond formation, due to a reorientation of the
electronegative parts (oxygen of water and nitrogen of proteins) in the
electric field, relaxation of mechanical stress could be accelerated.
However, to achieve this shielding of existing electrostatic interactions
in the dough system, a critical field strength seems to be reasonable. If
the critical field strength is achieved, the existing electrostatic in-
teractions would be shielded and structural relaxation could be accel-
erated. This could also explain the independency of the observed
rheological effects from the strength or application time of the AC-field
as described in chapter 3.1, since the critical field strength was exceeded
for all settings. Furthermore, the impact of the electric field could be
strengthened due the use of alternating fields (AC-field). The consistent
reorientation of the electric field with a frequency of 50 Hz could hinder
the formation of persistent interactions during the exposure of dough to
the AC-field and therefore, maintain the process of stress relaxation as
long as dough is exposed the AC-field.

Compared to rested dough, those structural rearrangement results in
a random and coiled conformation, dough, which was exposed to the
AC-field, is assumed to remain the aligned conformation. Overall, the
rheological results indicate a tremendous ability of AC-fields to increase
the processibility of dough within seconds. Independent of flour quality,
processing relevant rheological parameter (elasticity, softness, flow
relaxation-halftime) can achieved corresponding to resting times
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between 15 and 50 min.

3.4. Impact of resting time and AC-fields on gas-forming/-holding and
bread texture

Exposing microorganisms to an electric field can induce lethal ef-
fects. Furthermore, the induced structural modification of wheat dough
could affect gas-holding capacity. Therefore, the impact of the AC-field
with the highest voltage used (260 V) and whose longest application
time (2 s) is analysed, regarding the gas-forming and -holding capacity
by rheofermentometer and baking tests. Within the 3 h fermentation
cycle of the rheofermentometer a specific dough volume of 5.34 + 0.00
cm?®/g was achieved after a previous exposure of dough to the AC-field.
Compared to the specific volume of the reference dough (5.17 cm + 0.03
3/g), the specific volume of the AC-field exposed dough is slightly (but
statistical significantly) higher, whereas the retention capacity is
negligible lower. Even the rheofermentometer is temperature controlled
(30 °QC), the slightly higher temperature (< 2 °C) at the beginning of the
fermentation cycle of the AC-field exposed dough, is probably respon-
sible for the higher specific volume. Therefore, the results of the rheo-
fermentometer tests are assessed as comparable for the reference and the
dough, which was exposed to AC-fields. For analysing the effect of AC-
fields on the baking performance, reference samples with different
resting times (0, 10 or 20 min) between kneading and further processing
were compared with dough, which was exposed to AC-fields (instead of
resting times) after kneading. The analysis of the reference breads
demonstrate the importance of an appropriate resting time between
kneading and further processing on the bread quality (compare Table 1).
Without resting, the specific loaf volume is significantly lower, which
consequently results in a higher crumb hardness. In contrast, with dough
resting times, the specific loaf volume increases, whereas crumb hard-
ness decreases and in consequence a less dense crumb structure results,
which becomes visible by the analysis of crumb structure. The number of
pores per slices significantly decreases whereas the pore area per slice
increases as longer the resting time. This corresponds to destabilization
mechanisms, like coalescence or disproportionation, of small gas bub-
bles and results in a lower number of larger gas bubbles. Regarding the
analysed quality parameters, the exposure of dough to AC-fields shows
corresponding properties to 10-20 min rested dough, except a higher
pore area (compare Table 1). In conclusion, any reduction of gas-
forming or -holding properties due to the exposure of dough to AC-
fields can be excluded. Thus, a huge increase of process efficiency will
be possible, since a time difference of 10-20 min (resting time) in the
processing of dough to bread can be compensated by the exposure of
dough to an AC-field for a few seconds (1-5 s). The comparable loaf
volume of rested dough and AC-field exposed dough is, at least in parts,
attributed to the initial higher dough temperature (< 2 °C). However, an
accelerated consumption of different sugars by wine yeast, which were

<)

Fig. 4. Visualization of gluten structure via confocal laser scanning microscopy. Gluten structure after 5 min resting in a), after 50 min resting in b) and after the

exposure to an AC-fields of 260 V for 2 s in c).
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Table 1
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Impact of AC-fields on gas-forming/-holding properties of dough and texture properties of breads in comparison to rested dough. Based on the flour amount, 3% of
fresh yeast were added. Different letters indicate significant differences between means (ANOVA, p < 0.05).

Gas-forming/-holding capacity of

Dough Reference 260V, 2s
Specific volume (cm?/g) 5.17 + 0.03* 5.34 + 0.00"
Gas retention (%) 86.07 + 0.94% 84.60 + 0.61%
Crumb 0 min resting 10 min resting 20 min resting 260V, 2s
Specific loaf-volume (cm®/g) 2.73 + 0.06° 2.87 + 0.09° 2.93 + 0.02° 3.03 +0.10"
Texture-related properties

0 min resting 10 min resting 20 min resting 260V, 2s
Hardness (N) 4.22 + 0.39° 2.45 + 0.41° 2.37 £ 0.35" 2.63 + 0.23°
Number of pores/slice (—) 603 + 557 354 + 56° 244 + 42° 288 + 28°
Pore area/slice (%) 25.95 + 3.09% 29.38 + 4.69% 34.54 + 4.89° 36.13 + 2.00°

Pore structure

previously exposed to an electric field, could already be demonstrated
(Mattar et al., 2013). In consequence, an enhanced activity of yeast in
wheat dough due to the impact of AC-fields cannot be excluded and
could contribute to a higher loaf volume.

4. Conclusion

The presented approach of exposing wheat dough to AC-fields of
110-260 V for 1-5 s demonstrates a structural rearrangement of wheat
dough structure within seconds. Even the structural rearrangement
differs from that of a time-based relaxation (rested wheat dough), the
resulting rheological properties are comparable. The supposed mecha-
nism of AC-field induced structural rearrangement mainly bases on the
shielding of weaker electrostatic interactions, in particular hydrogen-
bonds, and facilitated network relaxation by the alternating orienta-
tion in the electric field. Consequently, an immediately processing of
dough after a mechanical stress becomes possible. Depending on gluten
quantity, the efficiency of AC-fields to affect the mechanical properties
varies. In addition, changes of electric conductivity, based on ion con-
tent, sample mass, or aeration stage, influence the efficiency of AC-
fields. Therefore, a consideration of these factors is necessary for a
successful adaptation and implementation in an industrial application.
According to the current state-of-the-art, no other technology enables an
almost continuously dough processing after a mechanical stress by a
simple and short post-processing (exposure to AC-field). Although, there
are some possibilities for continuous dough processing, like extrusion-
based processes or the chorleywood bread process, these techniques
are just applicable in huge dimensions or are accompanied by modified
textural properties. Due to this simple technology, which is necessary for
exposing dough to AC-fields, the application is not limited to defined
processing steps or machines. An implementation in existing process
workflows seems feasible. Beside the presented application after
kneading, an application in the process of dough laminating appears also
reasonable. In summary, the exposure of wheat dough to an AC-field
offers a process, which enables extensibility, softness and elasticity
corresponding to rested wheat dough in a few seconds without a sig-
nificant change of gas formation/holding capacity and texture proper-
ties of bread.
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