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Abstract In order to determine the relationship between
molecular structure of wheat bread dough, its mechanical
properties, total and local bread expansion during baking
and final bread quality, different methods (rheological, nu-
clear magnetic resonance, magnetic resonance imaging and
general bread characterisation) were employed. The study
was extended onwheat dough with starchmodified by octenyl
succinic anhydride (OSA) in order to generalise the results.
The interest of investigating multi-scale changes occurring in
dough at different phases of baking process by considering
overall results was demonstrated. It was found that OSA
starch improved the baking performance during the first phase
of baking. This feature was due to a higher absorption of water
by OSA starch granules occurring at temperatures below that
of starch gelatinization, as confirmed by NMR, and consecu-
tive higher resistance to deformation for OSA dough in this
temperature range (20–60 °C). This was explained by a de-
layed collapse of cell walls in the bottom of the OSA dough.
In the second phase of baking (60–80 °C), the mechanism of
shrinkage reduced the volume gained by OSA dough during
the first phase of baking due to higher rigidity of OSA dough
and its higher resistance to deformation. MRI monitoring of

the inflation during baking made it possible to distinguish the
qualities and defaults coming from the addition of OSA starch
as well as to suggest the possible mechanisms at the origin of
such dough behaviour.

Keywords Nuclear magnetic resonance (NMR) .Magnetic
resonance imaging (MRI) . Transverse relaxation time (T2) .

OSA starch . Oven rise . Creep recovery test

Introduction

Bread dough made of flour, water and yeast is a multicompo-
nent, multi-scale product (Aguilera 2005; Lakes 1993). It con-
sists of starch-gluten matrix in which many bubbles develop
(from about 10 % in gas fraction at the end of mixing up to
about 70 % at the end of fermentation), with diameters ranged
from a few tenths of μm at the end of mixing to a few milli-
meters at the end of baking. The starch-gluten matrix forms
walls between bubbles with thickness representing a couple of
hundreds of microns or lower, according to reports at the end
of proving or baking (Besbes et al. 2013; Turbin-Orger et al.
2012). The mechanical properties of dough walls partly deter-
mine the potential of bubbles to properly inflate without rup-
turing all along the bread-making process. During baking, the
more or less progressive cessation of inflation due to increas-
ing dough resistance of rupturing is deeply controlled by the
evolving molecular structure of dough walls. Interactions and
hydration of macromolecules (gluten and starch components)
locally evolve according to their own hydrothermal trajectory.
The heterogeneous hydrothermal treatment imposed by bak-
ing, within a convective or deck oven, generates heterogene-
ities in hydrothermal local trajectories which, in turn, lead to
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spatial heterogeneities in bubble and wall sizes, state of mac-
romolecules (protein coagulation and starch gelatinisation)
and gas formation (Mondal and Datta 2008; Lucas et al.
2008). These deep heterogeneous changes in the molecular
structure and gas generation during baking make it one of
the most critical steps over the bread-making process in mas-
tering the final bread structure.

Molecular mechanisms involved in controlling the water
transport at microscopic scale and mechanical behaviour of
the dough can be approached using proton time domain
nuclear magnetic resonance (TD-NMR) as demonstrated
for a wide range of dough products (e.g. Bosmans et al.
2012, 2013b; Curti et al. 2011, 2014; Doona and Baik
2007). In dough, the use of TD-NMR aimed at investigating
the evolution of the biopolymer structure (mainly starch and
gluten) between unbaked and baked, yet cooled samples
(Bosmans et al. 2012; Doona and Baik 2007; Engelsen et
al. 2001; Wang et al. 2004) or stored bread samples, in
relation to starch retrogradation (Bosmans et al. 2013a;
Chen et al. 1997; Curti et al. 2011; Wynnejones and
Blanshard 1986). Very recently, NMR measurements have
been performed during bread baking, showing that the
changes with temperature of each NMR signal component
(T2 value and the associated relative intensity) allowed to
monitor separately the starch reversible swelling and gelati-
nization processes (Rondeau-Mouro et al. 2015).

In addition to molecular changes, dough, as an evolving
viscoelastic and shear thinning material, undergoes different
types and magnitudes of deformation during the bread-
making process (Mirsaeedghazi et al. 2008). Mixing is asso-
ciated with extreme deformations which are lowered during
the first fermentation stage. Sheeting and molding are associ-
ated with deformations of an intermediate magnitude. Finally,
during baking, deformations are low compared with those of
preceding steps (Dobraszczyk and Morgenstern 2003), but
occur at an already high deformation level of the bubble walls,
that can hardly be considered within the small strain domain
(strain >0.1 m/m). Rheological studies on dough related to
baking have been generally performed using small deforma-
tion, shear oscillation tests at room temperature (Dobraszczyk
and Morgenstern 2003). So far, none of the reports have
shown the creep and recovery response of dough measured
under a gradual increase in temperature corresponding to that
of bread baking. Disposal of such data could doubtlessly be
helpful in feeding baking and mechanical model of viscoelas-
ticity using fitting and parameter identification methods (Kim
et al. 2008; Laridon et al. 2015).

At last, inflation of bubbles was successfully monitored by
tomographic techniques like X-rays or magnetic resonance
imaging (MRI). The measurements are dynamic and non-in-
vasive, a crucial feature for fragile dough. Previous studies
showed how far the mechanical constrains like those generat-
ed at the shaping step (Van Duynhoven et al. 2003;Whitworth

and Alava 2004) or at the baking step by the crust setting
(Wagner et al. 2008a; Bajd and Sersa 2011) can generate het-
erogeneities in gas fraction through the dough section and
competition for expansion between dough regions.

Different phenomena occurring during bread-baking were
mostly studied independently using specific methodologies.
The links between data obtained from these studies are there-
fore hard to establish, particularly as differences in samples
used (i.e. flour functionality) may introduce important conse-
quences on the results (Gil 2003). Therefore, in order to gain a
comprehensive interpretation of the dough behaviour ob-
served at macroscopic level, it should be coupled with phe-
nomena observed at the microscopic and mesoscopic level
(Schiraldi and Fessas 2003).

The first objective of the present paper was to characterize
multi-scale changes in dough during baking, to attempt to
relate the different scales between each other as well as to
the final bread properties (volume, texture and colour). The
molecular level was characterised by NMR during bread bak-
ing and its impact on the mechanical properties of the dough
(determined by creep and recovery tests) was also assessed
dynamically during heating. At about the same scale as rheo-
logical measurements, even larger (centimetric scale), MRI
was used to monitor changes occurring in the local gaseous
phase. Finally, the overall dough volume was also monitored
by MRI. Furthermore, a common bread formulation was
slightly modified by incorporation of starch modified with
octenyl succinic anhydride (OSA starch). This approach made
it possible to generalise the conclusions of the present study
with different bread formulations.

The second objective to this paper was to evaluate if OSA
starch can act as a bread improver, by investigating its effects
on mechanical properties and overall loaf expansion. Indeed,
OSA starches so far have been used to stabilize flavour emul-
sion in beverages (Reiner et al. 2010), oil in salad dressings, to
encapsulate flavour, as emulsifier in sauces, puddings and
baby foods (Dokić et al. 2012) and as fat replacers in muffins
(Chung et al. 2010). However, the reports on their application
in bread making so far is limited (Hadnađev et al. 2014).

Materials and Methods

Materials

Wheat flour (13.61±0.25 % moisture, 73.14±1.08 % starch,
23.7±1.68 % wet gluten, 9.24±0.43 % protein, 1.72±0.06 %
total sugar, 0.97±0.09 % fat, 0.90±0.03 % total dietary fibre,
0.42±0.05 % ash) and native gluten (8.14±0.15 % moisture,
80.56±1.63 % protein, 2 g/g water binding capacity) were
provided from Fidelinka milling company, Serbia. The com-
mercial quality of wheat flour was described by a Farinograph
water absorption of 52.3 %, a softening degree of 65 BU, an
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Alveograph deformation energy of 144·10−4J and an
Amylograph peak viscosity of 1230 BU. The sodium octenyl
succinate starch (OSA starch encoded C*EmTex 06328)
(15.02 ±0.27 % moisture) was obtained from waxy maize
starch and provided from Cargill, France. The control dough
formulation (hereinafter referred as CONTROL) used for rhe-
ological, NMR and MRI measurements was comprised of
wheat flour and water, while OSA dough formulation (herein-
after referred as OSA) was comprised of wheat flour in which
10 % (w/w) was replaced by OSA starch and native gluten
flour in the same proportion as in the control flour. Both for-
mulations were prepared at fixed dough water content of
44.7 % to provide the reliable interpretation of NMR results.

Bread (CONTROL and OSA) was prepared with fresh
brewer yeast (2.5 % of flour weight). The dough for bread
samples intended for subsequent measurements was mixed
in a l-shaped mixer for 17 min (Diosna, Germany) and then
fermented in mass at ambient temperature (19±2 °C); volume
was multiplied by 2.2, within about 45 min. After first prov-
ing, the dough was divided into pieces (390 g for final product
characterization and 180 g for MRI baking experiment),
rounded, rested for 15min and shaped into loaves, which were
placed in two types of the pans depending on the measurement
to be performed: teflon pans (Tefal, France) (L ×W×H:
240 × 85 × 65 mm) for final product characterization and
glass-made pans covered with teflon for MRI baking experi-
ment (L×W×H: 190×70×70mm). The final dough proving
was performed in a cabinet (35 °C, 85 % RH) until the initial
volumewas multiplied by 2.8 (about 55min). The increases in
dough volume were checked with a graduated proving tester
(25 g). Samples for NMRmeasurements were taken from such
prepared dough. Bread for final product characterization was
baked at 220 °C for 23 min in two tier oven (Termotehnika,
Croatia). Subsequently, loaves were removed from the pans
and allowed to cool for 2 h.

MRI baking experiment was performed in a specific oven
compatible with MRI. Wagner et al. (2008b) showed that the
characteristics (specific volumes, water loss, time course
changes in temperature, crust coloration) of bread loaves
baked in such MRI compatible oven were within the range
of values reported in the literature for convection oven.

Methods

Rheological Measurements

The dough for creep and recovery measurements was pre-
pared in a Mixolab mixing bowl (Chopin Technologies,
France) using the following settings: mixing speed 80 rpm,
mixing temperature 30 °C, mixing time 8 min and fixed water
absorption to obtain dough with water content of 44.7 %. This
water content was set for optimal consistency of CONTROL
dough. After kneading, the obtained dough sample was rested

for 10 min in a closed plastic bag at 20 °C in order to prevent
water evaporation and to allow residual stresses to relax.

Creep and recovery measurements were carried out using a
HaakeMars rheometer in a shearingmode (Thermo Scientific,
Germany) equipped with PP35 S serrated parallel plate mea-
suring geometry (35-mm diameter, 2-mm gap) in order to
prevent dough slippage. After loading, the excess dough at
the plate edges was neatly trimmed and the edges sealed with
paraffin oil to prevent the dough from drying during measure-
ments. Measurements were performed at ten different temper-
atures in the range of 20–90±0.1 °C (20, 30, 40, 50, 60, 65,
73, 76, 80 and 90 °C) applied onto the same dough piece.
These temperatures were measured into the dough sample.
After each change in temperature set, a 15-min waiting period
was applied before testing in order to reach the next tempera-
ture point and, at the same time, to relax the sample from
residual stresses. Creep was recorded at a shear stress of
70 Pa for 150 s, followed by a recovery phase of 450 s at a
stress of 0 Pa (which was enough for reaching a plateau). The
parameters obtained were: maximum creep compliance (Jmax),
zero shear viscosity (η0), recovery value (Je/Jmax) which indi-
cated the relative elastic part of Jmax and relative viscous part
of Jmax (Jv/Jmax). All rheological measurements were per-
formed in triplicate.

NMR Measurements

1H NMR measurements were performed using a Time-
Domain spectrometer (Minispec Bruker, Germany) operating
at a resonance frequency of 20 MHz. The NMR system was
equipped with a temperature control device connected to a
calibrated optical fiber (Neoptix Inc., Canada) allowing
±0.1 °C temperature regulation. The spin–spin relaxation
(T2) was measured using the free induction decay (FID) and
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences. The
sampling rate for the acquisition of the FID was one point
per 0.4 μs, and the delay between the 90° and 180° pulses
of the CPMG sequence was 0.1 ms. Eight scans were record-
ed with a recycle delay of 2 s. The measurements were
performed by step of 10 °C between 20 and 90 °C, by
waiting an equilibrium temperature of 15 min before the
signal acquisition. A final measurement was recorded after
cooling the sample at 20 °C (after a waiting time of
15 min). The NMR tube preparation (in triplicate or qua-
druplicate) and the signal fitting were performed using the
methods developed in (Rondeau-Mouro et al. 2015).

MRI and Temperature Measurements

MRI evaluation of local expansion in bread crumb during
baking was performed using the method based on the incor-
poration of oil microcapsules into dough before dough shap-
ing (Wagner et al. 2008a). The differences in the MRI signal
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between microcapsules and dough enhanced by using the ap-
propriate imaging sequence enabled the monitoring of the
position of a microcapsule throughout the baking process.
Dough was prepared as described in BMaterials^, but at the
shaping step, a dough piece (180 g) was stretched into an 8-
mm-thick band to allow the incorporation of microcapsule
strips which were placed on the surface of dough band before
rolling it manually. The lateral internal faces and bottom of the
MRI compatible glass mould were coated with microcapsules
before putting the dough into it. Additional strips were depos-
ited onto the top surface of the dough. The dough was then
submitted to the second proving step as described in
BMaterials^.

Just before baking, four optical fibers (Ø 1 mm), connected
to a data logger (model 790, Luxtron, USA), were inserted
into the dough from a lateral side, in the length direction, at
mid-length, of the dough, and used to measure temperature
during the MRI baking experiment. The temperature gradient
was characterized along a vertical line from the bottom crust
to the top crust (few millimetres from the corresponding sur-
faces) at mid-width; the other two positions were in crumb
near the crust and in the core crumb (two positions at about
30 and 40 mm from the bottom).

Bread loaves were baked in a convection oven installed
within the probe of the MRI imager (see (Wagner et al.
2008b) for a detailed description of this oven). A 1.5T MRI
scanner (Magnetom, Avanto, Siemens, Germany) equipped
with a head receiver coil was used for measurements.
Images of dough cross-section were acquired using a Fast
Spin Echo (FSE) sequence with acceleration factor 3, acqui-
sitionmatrix 128×70, field of view 128×70mm2, slice thick-
ness 5 mm, echo time (TE) 7 ms, repetition time (TR) 200 ms,
3 excitations and acquisition time 15 s. Imaging sequence was
launched in queue, making it possible to monitor dough dur-
ing a 30-min baking period. At the end of baking, the coordi-
nates (x, y) of the head of optical fibers were measured at the
end of baking, after slicing the bread loaf. The experiment was
repeated twice for each sample.

Image processing was performed using ImageJ software
(National Institutes of Health, USA). Each microcapsule was
first identified automatically on MRI images using
thresholding method based on the entropy of the histogram
algorithm (Kapur et al. 1985); its position corresponds to the
barycentre of the bright spot composed of several pixels.
Triangular elementary regions for calculating porosity were
then defined manually between three neighbouring tracers.
The surface of each triangle was deduced from the three co-
ordinates. Finally, regions of similar behaviour towards ex-
pansion were pooled and considered together for analysis of
local expansion. Global dimensions (height and width) as well
as total area of the dough section as delimited by the micro-
capsule strips deposited on the dough surfaces were also
calculated.

Last, relative changes in surface relative to its value at the
onset of baking, Sr, were calculated:

Srd tð Þ ¼ Sd tð Þ−Sd 0ð Þ
Sd 0ð Þ ð1Þ

Sri tð Þ ¼ Si tð Þ−Si 0ð Þ
Si 0ð Þ ð2Þ

where d refers to the total cross-section of dough in MRI
images, and i denotes a region of the dough section (either a
specific triangle delimited by three microcaspsules cross-sec-
tion, or a group of these triangles), of which total number I
covers the total cross section of dough. The relation between
Eqs. 1 and 2 is:

Srd tð Þ ¼
X

I
i¼0 ωiSri tð Þ ð3Þ

with ωi, the proportion occupied by the region i in the total
dough section at the onset of baking

ωi ¼ Si 0ð Þ
Sd 0ð Þ ð4Þ

ωiSri tð Þ in Eq. 3 is a contribution of the region i to relative
changes in total surface at a given baking time t.

Bread Characterisation

Volume The specific volume of the bread loaves was de-
termined by measuring the volume of millet seeds
displaced by the weighed sample two hours after baking
and cooling to ambient temperature (Cauvain and Young
2009). Specific volume was calculated as volume/weight
(cm3/g) of four loaves. The moisture of the breadcrumb
was determined according to ICC 110/1 (ICC 1996) 2 hours
after baking in triplicates.

Crumb Texture Crumb texture was assessed by performing a
texture profile analysis (TPA) using a Texture Analyser (TA-
XT2i, Stable Micro Systems, UK) equipped with a 30-kg load
cell and a 75-mm diameter aluminium compression platen.
The measurements were performed on crumb pieces (45-mm
diameter and 12.5-mm thickness) taken from the central slices
of the each loaf 2 h after baking. The selected settings includ-
ed: 1 mm/s pre-test speed, 5 mm/s test and post-test speed and
80 % compression. The breadcrumb samples were com-
pressed twice to give a two bite texture profile curve, with
resting time of 5 s between two compression cycles (Bourne
2002). The recorded parameters were hardness, cohesiveness,
springiness, chewiness and resilience. The TPA analysis was
performed in five replicates.

Food Bioprocess Technol

Author's personal copy



Crust and Crumb Colors The colour of bread (crumb and
crust) was measured by the Minolta Chroma Meter (CR-
400) colorimeter (Konica Minolta Sensing Inc., Japan)
equipped with standard illuminant D65. The colorimeter
was calibrated before measurement with white standard
tiles (Y = 93.7, X = 0.3158, y = 0.3324). The results were
recorded according to the CIELab colour, where the deter-
mined parameters were expressed as L* describing light-
ness (L*= 0 for black, L*= 100 for white), a* describing
intensity in green-red (a*< 0 for green, a*> 0 for red), b*
describing intensity in blue-yellow (b*< 0 for blue, b*> 0
for yellow. Whiteness index (WI), total colour difference
(ΔE) and browning index (BI) were calculated using ob-
tained L*, a* and b* values to describe the colour change
as compared to control sample, as follows (Saricoban and
Yilmaz 2010):

WI ¼ 100−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
100−L*
� �2 þ a*2 þ b*2

q
ð5Þ

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L0−L*
� �2 þ a0−a*ð Þ2 þ b0−b*

� �2q
ð6Þ

BI ¼ 100 � x−0:31ð Þ½ �
0:17

ð7Þ

where:

x ¼ a* þ 1:75� L*
� �

5:645� L* þ a*−3:012� b*
� � ð8Þ

If ΔE< 1, the colour differences are not considered obvi-
ous for the human eye; 1 <ΔE< 3, the colour differences
are not considered appreciated for the human eye; ΔE> 3;
the colour differences are considered obvious for the hu-
man eye (Francis and Clydesdale 1975). The crumb colour
was measured in five, while the crust colour was measured
in 15 replicates per loaf on the central slices two hours after
baking.

Shrinkage of Dough Slabs Under Drying

Dough was laminated down to 2 to 3 mm approximately
and four slabs of external dimensions 15 × 15 cm were cut
off this dough sheet. Dough sticking during sheeting and
further handling was avoided using microcrystalline cellu-
lose, which presents the advantage to low affinity to water
compared to flour. Dough slabs were returned, placed up-
side down onto a tray, pierced with a fork to avoid bubble
growth and allowed to relax for 10 min before being placed
into a deck oven (MIWE, Germany) for drying. The oven
was preheated at 140 °C, and the set temperature was in-
creased to 220 °C at the placement of dough slabs in the
oven, and then decreased to 200 °C 3 min after the place-
ment of dough slabs; following such procedure, time-
temperature changes in the dough slabs were close to those

measured in the top crust of a genuine bread loaf during
baking.

At different time intervals, dough slabs were taken out
of the oven. Their mass was measured, and a picture of
their top surfaces was taken. The tray on which the dough
slabs lied was placed back into the oven. The whole inter-
ruption did not last more than 1 min. Water content and
water loss from dough slabs were estimated from the
mass. The pictures were segmented using Image J, and
the surface of dough slabs was estimated by counting the
number of pixels belonging to the mask obtained from
thresholding.

The whole experiment was repeated more than 7 times for
each dough system.

Unidirectional shrinkage was then estimated from these
surfaces, as follows

shrinkage ¼ 1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sdough tð Þ
sdough 0ð Þ

s
ð10Þ

where sdough tð Þ is the top surface of the four dough slabs at
time t.

Statistical Data Analysis

A one-way analysis of variance (ANOVA) was used to test
the significant differences of the results of NMR and rhe-
ological measurements, each obtained at different temper-
atures, as well as of the results of bread characterization,
for two bread formulations (CONTROL and OSA).
ANOVA was followed by Fisher’s least significant differ-
ence test, where the differences between means at the 5 %
level (p < 0.05) were considered significant. Statistical
analysis was performed using Statgraphics XVI.I
(Centurion) for NMR measurements and Statistica 10.0
(Statsoft, USA) for rheological and bread formulation
measurements.

Results

Results are presented and discussed gradually from the
molecular scale to the loaf scale, from the baking process
to the final product once cooled down. With this ordering
of presentation, cross discussion between results is man-
aged in a natural manner as new results are presented. For
each scale or technique of measurement, features common
to both dough systems (OSA and CONTROL) are present-
ed and discussed first, while differences between recipes
are focused on in a separate section.
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Changes at the Molecular Scale

Temperature-Associated Changes

T2 relaxation times have been measured under the same con-
ditions for CONTROL and OSA dough upon heating. Five T2
components could be measured at 20 °C (Table 1), two of
them from the FID signal and three from the CPMG one.

Based on previous work on model systems (Rondeau-Mouro
et al. 2015), the component (1) around 19 μs represented
non-exchangeable CH protons mainly from amylopectin
crystallites and also from more or less structured amylose.
The component (2) relaxing at 50–60 μs was characteristic
of non-exchangeable protons of amorphous starch (mainly
amylose) and from gluten chains with few contacts with
water. Water in exchange with labile protons (OH−, NH−,
SH−) from starch (mainly, water in granules) and gluten
gave the third component (3) with a short T2 value around
2 ms, while water in exchange with gluten in the outside of
sheets and with amylose and pentosans in extra-granule
spaces of granules is more mobile and was then assigned
to the fourth component (4) which relaxed at 9–10 ms.
Additionally, to these four components found in starch-based
model systems, dough was characterized by a fifth signal
component with T2 around 25 ms (5), supposed to represent
a second fraction of extra-granule water in slow diffusional
exchange with the water layer at the surface of granules and of
gluten sheets (Rondeau-Mouro et al. 2015).

By heating the samples above the ambient, variations in the
T2 distributions suggested some proton transfers between the
various proton populations, so between components (2) and
(1) (Fig. 1a), but also between the FID (components (1) and
(2)) and CPMG signals (water fractions (3), (4) and (5)),
(Fig. 1b, Table 2). During the reversible swelling process with
focus here between 20 and 50 °C, the decrease in the relative
intensity of component (1) could not be explained only by the
Curie’s law (linear dependence of the magnetic susceptibility
against the inverse of temperature). This phenomenon already
explained by Rondeau-Mouro et al. (2015) lies on a proton
transfer characteristics of an amylose loss from component (1)
towards the amorphous zones of granules, component (2), and
the extra-granular water phase, component (4) the latter show-
ing an increase in its relative intensity as shown in Fig. 1b
(dotted lines). These proton exchanges are well illustrated by
a significant variation in I(1) in favor of I(2) and I(4) (Table 2).
This leaching process can occur at ambient temperature when
starch granules reversibly swell (Jenkins and Donald 1998),
and it explains why we measured so short T2 relaxation times
for the more mobile water fraction in products. Likewise, the
reversible swelling process was clearly demonstrated by the
net decrease in the relative intensity of component (5) with
heating at low temperatures, concurrent with the rise of the
relative intensity of component (2) typical of the enrichment T
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of protons in the amorphous regions of starch granules. The
values of T2 showed no significant differences and remained
relatively constant between 20 and 50 °C for all components
because of compensating mechanisms such as water sorption
and amylose leaching (Rondeau-Mouro et al. 2015).

By increasing the temperature to 60 °C and up to 90 °C, the
gelatinization of starch granules occurred; it contributed to the
starch loss in crystallinity and organization, resulting in starch
solubilization (mainly the amylopectin fraction) and disinte-
gration of the granule (Donald 2004). Consistently, the rela-
tive intensity of component (1) (Fig. 1a) seemed to decrease in
favor of the water fractions (3), (4) and (5) (Fig. 1b). Because
of this, transfers of water protons in this temperature range
were hardly noticeable from T2 values. A net increase in the
T2 values was noticed and underlined by statistical tests
(Table 2), above 70 °C for all T2 components but particularly
for component (2) (Fig. 1a). This phenomenon already ob-
served by (Rondeau-Mouro et al. 2015) and could be linked
to thermal activation mechanisms (accordingly to Arrhenius’
law). The reason why the T2 value increased was more pro-
nounced for component (2), was related to the starch disinte-
gration but also to the gluten denaturation, a process during
which the protons of the water expelled from gluten and starch
and polymer fractions should be characterized by a higher
mobility (Bosmans et al. 2012).

About the Differences Between OSA and Control

At 20 °C before heating, equivalent T2 values (p>0.05) and
relative intensities were observed (Table 1). At higher temper-
atures (30–40 °C) but below the temperature commonly ac-
cepted for the onset of starch gelatinisation (60 °C), some
significant differences between OSA and CONTROL doughs
were observed for the T2 components (3) to (5) assigned to

water protons in exchange (Fig. 1b, Table 2). Indeed, the OSA
sample displayed a significantly lower relative intensity for
component (5) compared to that of the CONTROL sample,
for the benefit of the relative intensity of the component (4)
and to a lesser extent that of the component (3), assigned to
water protons in closer interactions with starch granules and
its constituents. These results confirmed that OSA-starch fa-
vours the reversible water sorption above 20 °C.

Between 60 and 90 °C, significant differences in relative
intensity were observed for components (1) and (2) (Fig. 1a,
Table 2), in accordance with a higher proportion and longer
chains of amylopectins in OSA dough. The use of OSA-starch
in dough should extend the gelatinization process over to
higher temperatures. Indeed, higher gelatinization temperature
was observed by DSC for OSA starch (69.7 instead of 63.1 °C
for CONTROL flour). It has already been shown that the
branch lengths in B-type double helices of starches such as
potato starch are larger than for A-type starches and should
confer a better stability against heating (Waigh et al. 2000).
These results showed a high sensitivity of NMR to this de-
layed gelatinisation. Moreover, the T2 values of component
(2) tended to be shorter in CONTROL dough, especially at
70 °C. This evolution in T2 values was already discussed by
Rondeau-Mouro et al (2015) who highlighted a significant
T2(2) decrease for salted dough compared to unsalted dough.
It was supposed to arise from weaker inter-macromolecule
interactions compared to salted dough characterized by higher
ionic interaction between sodium cations and macromolecules
(Chiotelli et al. 2002; Rondeau-Mouro et al. 2015). The same
explanation can also be used to compare CONTROL to OSA
doughs; this last showing higher amylose and/or gluten mo-
bility supposed to originate from weaker inter- and/or intra-
macromolecular interactions may be due to the higher water
sorption capacity of OSA starch.

Fig. 1 T2 values in logarithmic scale and relative intensity measured as a function of temperature in CONTROL and OSA doughs from the a FID and b
CPMG signals
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After heating at 90 °C and cooling back at 20 °C, the
intensity of the FID signal (I(1)+ I(2)) decreased significantly
for OSA dough (Table 1) compared to the same sample before
heating; meanwhile, the intensity of the CPMG signal (I(3) +
I(4)+ I(5)) increased. On the contrary, very few changes were
observed for the FID and CPMG relative intensities of
CONTROL dough before and after heating and cooling.
Lower solid intensity suggested that the gel cooling combined
with early starch retrogradation was lower for OSA dough. At
the same time, OSA dough displayed significantly shorter T2
values after a heating-cooling cycle (Table 1).

Changes in Mechanical Properties of Dough

The results of the creep curve analysis for creep and recovery
phases showed that although there was a considerable varia-
tion in the values of creep test parameters between the two
dough systems (CONTROL and OSA), the major features of
the creep behaviour with increasing temperature was similar
(Table 3, Fig. 2), with three marked domains.

Temperature-Associated Changes

Domain 1. The temperature increase up to 40 °C caused a
decrease in dough resistance to deformation as shown by
the increase in the maximum creep compliance, Jmax

(p<0.05, Table 3, Fig. 2a). Likewise, a decrease in zero
shear viscosity (Table 3, Fig. 2b) was observed (p>0.05),
being the lowest at 40 °C regardless of the dough system
(CONTROL or OSA). This is explained by protein mac-
romolecules unfolding which increases the dough flow
ability (Domenek et al. 2002; Cristina M. Rosell and
Foegeding 2007; Hayta and Schofield 2004). The maxi-
mum value of Jmax at 40 °C could be attributed to a
decrease in elasticity strength. This has been attributed
to the increase in gluten mobility within the temperature
range of 20–50 °C as previously demonstrated by dynam-
ic thermomechanical analysis (on the basis of the elastic
modulus) (Lefebvre et al. 2000; Rouillé et al. 2010). The
authors indicated, indeed, that temperature increase up to
40 °C affected gluten chain mobility and possibly H
bonds, but not the chemical structure of the gluten net-
work. Starch granules also reversibly swelled in this tem-
perature range, which was accompanied by polymer
leaching (mainly amylose), as recently demonstrated
using NMR (Rondeau-Mouro et al. 2015). The increase
in temperature up to 40 °C caused the decrease in elastic
recovery (Je/Jmax in Table 3, Fig. 2c) (p>0.05).
Domain 2. Further temperature increase up to 70 °C
caused the decrease of Jmax values, indicating the increase
in dough resistance to deformation (Table 3, Fig. 2a).
Moreover, the lower values of Je/Jmax within this domain
for CONTROL dough in relation to domain 1 (Table 3, T
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Fig. 2c) was observed indicating lower portion of elastic
component. The same was true for OSA dough but up to
65 °C, a point which will be further discussed in BAbout
the Differences Between OSA and CONTROL^. The
effects of heat treatment on dough rheology in this period
arose from two phenomena taking place at the molecular
level: conformational changes of gluten proteins and
starch gelatinization (melting of crystallites accompanied

by water sorption), both affected by the water availability.
The conformational changes within the gluten matrix
comprised of gliadin and glutenin unfolding, resulting
in the exposition of hydrophobic protein zones which
ultimately stimulate new hydrophobic interactions, the
reorganization of disulfide bonds and finally protein ag-
gregation (Domenek et al. 2002). Consequently, an in-
crease in the dough rigidity in this phase of processing

Fig. 2 Changes in maximum creep compliance (Jmax) (a), zero shear
viscosity (η0) (b) and the relative elastic portion (Je/Jmax) of CONTROL
and OSA dough during heating; all data from the analysis of creep and

recovery tests are reported in Table 3. Relative change of Jmax (d) and
(η0) (e) within the applied temperature range. Mean and standard devia-
tion of 3 runs
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was observed. Simultaneously, water, including that re-
leased by gluten, was uptaken by starch granules which
improved their swelling and an increase in the value of
zero shear viscosity as demonstrated in Table 3 and
Fig. 2b (Dreese et al. 1988); this increase persisted up
slightly beyond domain 2 (up to 80 °C).

At the end of domain 2 (70 °C), both systems
expressed the lowest Jmax values (Table 3, Fig. 2a) due
to the maximum of starch gelatinization (equilibrium
point between granule swelling and polymer leaching),
which in water limited system (such as dough) occurred
in the temperature range 60–70 °C, as indicated by DSC
measurements (Rouillé et al. 2010). In this temperature
range, the starch granules are tightly packed and occupy
larger volume than that at other temperatures due to max-
imum swelling, so the system expressed the highest ri-
gidity and consequently the lowest Jmax value.
Domain 3. Temperature increase from 70 to 90 °C affect-
ed the slight increase in Jmax (p>0.05), indicating the
reduction of dough resistance due to the continuous ge-
latinization effects causing more destruction of residual
swollen starch granules with temperature and water avail-
ability. Moreover, the elasticity of dough in this period, as
evaluated by Je/Jmax values, increased in relation to pre-
vious period for both systems, indicating the formation of
an elastic crumb. Simultaneously, zero shear viscosity
decreased above 80 °C, being in accordance with the
results of Dreese et al. (1988) who reported the increase
in elastic modulus (G’) and .decrease in tan δ caused by
heating of gluten-starch-water doughs up to 90 °C.

About the Differences Between OSA and Control

At ambient temperature, OSA dough was less extensible (low-
er Jmax value) with slightly lower flowability (higher η0 value
for OSA) than CONTROL dough. Note that the same amount
of total water (present as residual moisture in dry ingredients,
plus that added specifically during the mixing step) was avail-
able for CONTROL and for OSA samples. Since OSA
starches, as demonstrated by NMR experiment, absorb more
water within the range of 20 to 50 °C (Fig. 1b), because of
disrupted crystallinity after modification (Bhosale and Singhal
2007), it can be expected that less water was available for
gluten, which therefore expressed higher dough rigidity
resulting in less extensible dough.

All differences in dough resistance between OSA and
CONTROL doughs observed in the temperature range of
20–60 °C can be related to the differences at ambient temper-
ature since the Jmax curves normalised by its value at 25 °C
superimposed almost perfectly (Fig. 2d).

In the temperature range of starch gelatinisation and protein
denaturation (60–80 °C), OSA samples were more elastic (Je/

Jmax, Table 3, Fig. 2c) and more viscous than CONTROL ones
(although they express the same relative change of resistance
to deformation/zero shear viscosity with temperature (Fig. 2d,
e). Indeed, OSA starch expressed higher pasting capacity,
which is characteristic of both amylopectin and octenyl succi-
nate modifications (Gupta et al. 2009; Bhosale and Singhal
2007). Another contribution could come from gluten (up to
1 %) added to the OSA dough in order to respect the starch/
gluten ratio between the two recipes. Namely, gluten of higher
quality is known to affect dough elasticity, but also viscosity
depending on its water absorption capacity. Higher gelatiniza-
tion temperature (69.7 °C instead of 63.1 °C for base flour
observed by DSC for OSA starch, as mentioned above) was
attributed to a higher proportion of amylopectins. However,
rheological measurements did not detect this difference.

Surprisingly, OSA and CONTROL doughs behaved simi-
larly at 80 °C but, at the end of baking (90 °C), OSA dough
was more extensible (higher Jmax) and of higher elasticity
(p<0.05) in comparison to CONTROL (Table 3).

Changes in Local Gas Fraction and Total Volume
of Dough

Temperature-Associated Changes

Three periods could be distinguished as highlighted by MRI
images in Fig. 3a and further quantified in Fig. 3b–d: (1) the
first period of global expansion (0–3 min about, Fig. 3b), in
the vertical direction only (Fig. 3d) consistently with pan bak-
ing, (2) the second period of decrease in section, preferentially
in the vertical direction (from 3 to about 8 min, Fig. 3c, d) and
(3) the third period (above 8 min) of decrease in section, pref-
erentially in the horizontal direction—bread width (Fig. 3c, d).
Characteristics of these three periods are discussed in the fol-
lowings, together with the contributions from the different
regions in the dough to these overall changes (Fig. 4).

Period 1. In conventional baking, the peripheral layer is the
first region to be heated (Fig. 5) and to release gases, resulting
in bubble growth. It hence contributed to about 80–90 % of
the overall expansion (Fig. 4a). Over this short period, the
peripheral layer exhibiting inflation remained thin (1.0–
1.5 cm) and maximal inflation was low, 15–20 % (Fig. 3b)
compared to those reported in earlier studies in the literature,
about 30 %.

Periods 2–3. The decrease in dough section was severe
since the section of the bread loaf after 25 min of baking
was nearly the same as that of the dough before baking
(Fig. 3b). Relative decrease of lower amplitude (5–30 %)
was rather reported in the literature, e.g. (Sommier et al.
2005; Zanoni and Peri 1993) for bread; likewise, the decrease
in volume or height during baking is little documented. These
two statements justified further discussion as follows. Despite
zero net inflation, the shape of the final bread section has
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changed; it was higher and less large than the section of the
original dough section (Fig. 3a, d). Dough core was heated
and hence inflated during period 2 mainly, implying that the
area occupied by the peripheral layer of dough decreased to an
even higher extent than that observed globally (Fig. 4a). The
mechanisms possibly involved in the decrease in gas fraction
locally or globally are:

(i) Collapse
Collapse results from insufficient gas retention and

pressure combined to a rigidity of the overall structure
whose mechanical properties become insufficient to
counterbalance the gravity forces; consequently, the asso-
ciated displacement is vertical. In the case of bread, col-
lapse is likely to occur in the bottom region (Fig. 4b),

where gravitational forces are the highest and pores are
already opened and communicate with the outside (at
atmospheric pressure). Externally, it is revealed by the
accentuation of bumps at the bread surface the closest to
the edges of the pan (Cauvain and Young 2001). It was
shown by simulation of the baking process (unpublished
work) that any event promoting dough rigidity, locally
(e.g. later opening of the pores) or globally (e.g. forma-
tion of a thick, continuous crust) will slow down collapse.
This feature will be of particular interest for the analysis
of results between OSA and CONTROL systems in the
next section.

(ii) Shrinkage
Little attention has been paid to shrinkage in past sci-

entific studies. It results from the loss of water, and

b 

c d 

at t=0 at t=28min
outlines of dough sec�on (white dashed line)progressive disappearance of MRI signal 

at the dough surfaces (drying) 
-at the corners, the pan seems less filled with dough

-at the top surface, the microcapsules seem to levitate

lateral
shrinkage

net 
upwards
infla�on 

t=0 t=3min t=8min t=28min

slight decrease in sec�on
no�ceable by the larger gap 
between the microcapsule 
s�cked onto the top surface 
and that s�cked to the  
internal surface of the pan

total decrease in sec�on,  
with combined:

a

period 1 period 2 period 3

Fig. 3 Absolute and relative changes in dough section (c, b) as measured
fromMRI images (a), together with the changes in total height and width
of this dough section (d); comparison between CONTROL and OSA.
Mean and standard deviation are calculated between three MRI slices
separated by 4 cm; the experiment was repeated twice. Refer to the text
for further details about periods 1–3. Part of the MRI signal on images (a)

disappeared because of dehydration (from 8 min of baking, while water
content in the crust was 15%wb); at low water contents, no signal can be
acquired with the MRI protocol used. This explanation was confirmed by
the Blevitation^ at fixed coordinates of microcapsules placed onto the top
surface of the dough. In no way, this signal disappearance should be
interpreted as shrinkage
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possibly the changes in the molecular conformation of
macromolecules, e.g. protein reticulation. Cumulated
over the whole perimeter of the dough section, it behaves
like a belt, restricting expansion and even reducing the
dough section. The extent of shrinkage observed during
the drying of dough slabs (sampled just after mixing and
relaxed after lamination) could explain most of the ob-
served decrease in dough section: converting the unidi-
rectional shrinkage estimated at about 13 % at 25 min of
baking (Fig. 6) in the two dimensions of the genuine
bread section yields a value of about 16 %, close to the
variation in section observed between the end of period 1
and period 3 (Fig. 3b).

(iii) Squeezing
Squeezing results from the inflation at core at a rate

higher than the surroundings (crust) can deform. This
may explain decrease in gas fraction observed locally.
Already stiffened regions will be more resistant to
squeezing, the level of stiffening yet depending on their
level of temperature and/or water content (Wagner et al.
2008a).

These mechanisms may take place simultaneously. It
is attempted nevertheless to point out any predominant
mechanism for each period of baking.

Squeezing was over once inflation has stopped
throughout the dough section, at baking times higher

Fig. 4 Contribution of dough regions to the relative changes in total
dough section during baking; comparison between OSA and
CONTROL dough. a How the peripheral layer and the core contribute

to the overall changes in dough section. b,c How the top, bottom and
sides contribute to the changes in the peripheral layer, for OSA dough and
CONTROL dough respectively
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than 11–12 min (Fig. 4a). Since the decrease in area in
the top peripheral layer also ceased at that time, squeez-
ing should be predominant at this place. It is more dif-
ficult to disentangle the mechanisms involved in the
peripheral layer at the bottom. It has been recently
shown by simulation with a numerical model of baking
(unpublished work) that the effect of squeezing on gas
fraction at the bottom of bread loaf was dominant upon
collapse (factor of 4). This may explain why the rate of
decrease in area of the peripheral layer during period 2
little differed between the top and bottom (Fig. 4b, c).
Collapse was considered to be terminated once the total
height of the loaf was relatively stable, a point which
was reached at about 8 min of baking (Fig. 3d). Hence,
all variations in gas fraction or dimensions at baking

times higher than 11–12 min are likely to be assigned
to shrinkage of the porous structure; this refers to period
3 as defined in Fig. 3.

As expected, shrinkage affected the gas fraction in
the peripheral layer mainly and in the core to a much
lower extent (see Fig. 4a: between 12 and 22 min of
baking, the shift was of 4–6 versus 1–2 %). As the
drying process in pan baking, shrinkage was also not
uniform, starting at the top surface, and propagating
along the sides down to the bottom (bread width de-
creased later, after 9–11 min of baking, Fig. 3c).
Dough slabs (mimicking the dough layer present at the
surface of the loaf) shrunk predominantly at the onset of
water loss (from the initial water content down to 35–
25 % in water content) and proceeded more slowly be-
yond this point (Fig. 6). Note that 25 % in the water
content was attained in the top crust within 3.5 min of
baking (Fig. 7), hence corresponding to the end of peri-
od 1. Shrinkage at the top impacted local gas fraction in
combination and with a antagonistic effect to inflation
(period 1) and further squeezing (period 2). Consistently
with results on dough slabs, the rate of decrease in gas
fraction at the top was much lower during period 3
where gas fraction was almost constant (Fig. 4b, c).
During this period, shrinkage was higher in the bottom
and in the lateral peripheral layer than in the top due to
the sequential drying at the dough surface as already
pointed out.

About the Differences Between OSA and Control

The section of OSA dough was lower at the end of proving
(about 9 %, Fig. 3c). Note that this observation would not
have been noticed without the use of a non-invasive tech-
nique. This difference in volumes was surprising since a ref-
erence dough piece for volume checking was used during

Fig. 5 Temperature at different locations in dough during MRI baking.
Positions of optical fibers refer to the end of baking, motion of a few
millimetres cannot be excluded during baking. They are relative to the
bottom of the bread loaf, with a final total height of 73 mm in average.
Mean and standard deviation of four to five runs for crust locations and
two runs for crumb locations

Fig. 6 Shrinkage (expressed in % relative to the initial surface) of
CONTROL and OSA dough slabs, laminated just after mixing (4–
5 mm) and relaxed for 10 min before drying. Mean and standard
deviation of more than 7 runs, with 4 replicates each. Temperature
during drying was consistent with that at the surfaces of bread dough
during baking (Fig. 5)

Fig. 7 Water content in the top crust during baking; effect of OSA starch
used in the dough preparation. Mean and standard deviation of 3 runs
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proving (see section BMaterials and Methods^). At the con-
trary to the dough piece, the dough to be baked was shaped.
As OSA dough was more elastic (Table 3), the residual strains
after the shaping step could still be noticeable after 45 min of
proving, with an impact on the volume. This difference ex-
plained why relative section (Fig. 3b) mainly served for fur-
ther analysis during baking. This analysis is carried out
chronologically.

Rate of inflation was the same during the first period of
baking (period 1 as defined above), no matter the dough sys-
tem. This did not reflect the higher resistance of OSA dough to
deformation (Table 3); likewise, modelling studies of baking
showed that inflation could be explained by viscosity alone
(unpublished work) and only slightly higher flowability was
observed for OSA dough (Table 3, with the temperature range
for period 1 displayed in Fig. 5 and equal to 30–50 °C at the
exception of the first millimetres).

Maximal inflation (end of period 1) was higher for OSA
dough (+6 %, Fig. 3b). Since the inflation rate was the same,
this meant that maximal expansion was reached at a slightly
longer time of baking for OSA dough (3.6 vs. 2.8 min).
Different explanations can be proposed for this. An impact
of the resistance to deformation is not plausible since the
dough inflated at the same rate in the two dough systems
(Fig. 3b). A higher resistance of dough to rupture at the dough
wall scale could provide a longer retention of gases. Although
this property was not assessed, it is often positively correlated
to elasticity, and a higher elasticity was reported for OSA
dough (Table 3). A last possible explanation was a delayed
process of collapse. During period 2, the rate of decrease in
dough section (Fig. 3b) and especially in height (Fig. 3d) was
slightly lower for OSA dough. Likewise, the bottom region in
OSA dough exhibited a later decrease in area than in
CONTROL dough (compare between Fig. 4b, c). Indeed, dur-
ing this timeframe (3–8 min of baking), the bottom region (of
15 mm thick) presented a lower flowability for OSA (Table 3)
with its temperature passing over the temperature range of 50–
70 °C (Fig. 5). As a preliminary conclusion, at the end of
period 2, the addition of OSA starch increased the baking
performance of the flour selected for this study.

During period 3, the section of OSA loaves decreased at a
higher rate than for CONTROL loaves, resulting in an even
baking performance between the two dough systems at the
end of period 3 (Fig. 3b). On the one hand, the ability to shrink
subsequently to dehydration did not reveal to be different be-
tween dough systems (Fig. 6), although differences might
have been hidden by the large variability of results. On the
other hand, higher density in the peripheral dough layer where
the vaporization front progresses is known to accelerate dehy-
dration; these higher levels of density could be expected in
OSA dough because of a lower volume at the beginning of
baking. The contribution of shrinkage to densification in the
peripheral dough layer was significant compared to that of

squeezing that took place during period 2 (when the core
expanded while the crust has lost its capacity to deform): ¼
for CONTROL (−7 out of −25 %, with reference to the max-
imal inflation achieved in period 1) and 1/3 for OSA (−11 out
of −28 %, with reference to the maximal inflation achieved in
period 1).

At the end of baking (25 min), the section of OSA bread
loaves was lower: by about 5 % when prepared for MRI mea-
surements (Fig. 3b) and 12 % based on measurements with
millet seed displacement on loaves baked in a conventional
oven (3.13±0.15 vs. 3.55±0.08 m3/kg, p<0.05). This was
mainly explained by the lower initial volume of OSA dough
(9% in theMRI baking condition) and partly counterbalanced
by the higher baking performance of OSA dough noticed dur-
ing periods 1 and 2 (yielding a lower volume by 5 % only at
the end of baking).

Characterization of Final Bread Quality

The impact of OSA starch incorporation on final bread quality
(colour and texture) is summarized in Table 4.

The Differences in Colour Between OSA and Control

In general, OSA dough yielded bread with lighter crust and
lower browning index in comparison to the CONTROL bread
(p<0.05), wherein the total colour difference in crust colour
was considered obvious for the human eye (Francis and
Clydesdale 1975). The observed effect was explained by the
reduced susceptibility of OSA starch to enzymatic

Table 4 Colour and TPA results obtained on final bread loaves;
comparison between OSA and CONTROL bread loaves

CONTROL OSA

Crust colour

Lightness (L*) 68.66 ± 3.49a 72.90 ± 3.86b

Browning index 86.06 ± 14.15a 54.86 ± 16.02b

Total colour difference – 70.71

Crumb colour

Lightness (L*) 68.92 ± 0.42a 68.61 ± 1.31a

Whiteness index 63.74 ± 0.45a 63.75 ± 1.20a

Total colour difference – 0.65

TPA

Hardness, g 10485 ± 1178a 14467 ± 921b

Springiness 0.98 ± 0.01a 0.97 ± 0.01a

Cohesiveness 0.77 ± 0.01a 0.78 ± 0.01a

Chewiness, g 7948 ± 896a 10884 ± 665b

Resilience 0.40 ± 0.01a 0.43 ± 0.01b

Mean value ± standard deviation. Values followed by the same letter in
the row within the same parameter are not significantly different
(p > 0.05)
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degradations (α-amylase, amyloglucosidase and pullulanase)
caused by the presence of octenyl succinate groups in the
starch chains (Viswanathan 1999). Therefore, the formation
of melanoidins as products of Maillard reaction, which are
responsible for bread browning during baking, occurred to a
smaller extent in OSA bread formulation. Schmidl (1983)
demonstrated that the use of OSA modified starch in combi-
nation with a mono- and diglycerides emulsifier provided ac-
ceptable emulsification stability, while reducing the Maillard
reaction. Considering the crumb colour, no difference between
CONTROL and OSA sample was observed (p>0.05), with
the total colour differences not obvious for the human eye.

The Differences in Crumb Textural Properties Between OSA
and Control

The presence of OSA starch in bread formulation increased
the hardness and chewiness of bread crumb (p<0.05) in com-
parison to CONTROL bread, being in accordance with the
results of specific bread volume due to the fact that hardness,
as a bread crumb feature, is largely influenced by the volume
and density of bread loaves (Skendi et al. 2010; Hadnađev et
al. 2014; Goesaert et al. 2008) This was also a consequence of
higher rigidity of OSA dough in relation to CONTROL (lower
values of Jmax, Table 3); Lazaridou et al. (2007) also showed
that the higher rigidity of dough results in breads with low loaf
volumes and high crumb hardness. In fact, such rheological
behaviour of OSA dough might have affected the thickening
of the crumb walls surrounding gas bubbles which was
reflected in increased hardness of OSA bread crumb (C. M.
Rosell et al. 2001). Dough prepared with OSA starch also
displayed shorter NMR T2 values after heating and cooling
at 20 °C (Table 1) may be due to a lower proton mobility in
this sample, in relation with the bread crumb hardness
(Bosmans et al. 2014; Curti et al. 2014) (Table 3).
Furthermore, springiness, which refers to the crumb elasticity
(Bourne 2002), and cohesiveness were not significantly af-
fected by the presence of OSA starch in formulation.
Conversely, resilience of OSA breads which represents
Binstantaneous springiness^, slightly decreased (p<0.05) in
comparison to CONTROL.

Discussion

Different methods for dough investigation used in the present
study provided a means of linking the phenomena occurring at
multiple scales during baking. The analysis was refined by
comparing the results obtained on two bread formulations.

A higher absorption of water by OSA starch granules was
evidenced by NMR. This difference, significant at 30 and
40 °C, persisted up to 60 °C. It can explain the higher rigidity
of OSA dough over this temperature range (Jmax in creep

recovery tests was double for OSA compared to CONTROL
dough). The value of the longest transverse relaxation time
measured by NMR did not differ between CONTROL and
OSA doughs in this temperature range, showing that the water
phase of the two systems is close in composition and physi-
cochemical properties below the gelatinization onset.

Turning to the temperature range of starch gelatinisation, the
higher proportion of amylopectin and OSA modifications in
OSA starch expressed in a higher pasting capacity of OSA
dough, higher rigidity and slightly higher viscosity. Still, in this
temperature range, the shift of melting of amylopectins to higher
temperatures was evidenced by a higher intensity of the NMR
solid component (1) for OSA dough. Characteristic T2 values of
amorphous starch protons tended to be longer in OSA dough
too. This evolution in T2 values was already discussed by
Rondeau-Mouro et al (2015). OSA dough seems to show higher
amylose and/or gluten mobility supposed to originate from
weaker inter- and/or intra-macromolecular interactions may be
due to the higher water sorption capacity of OSA starch. Given
the small fraction of OSA starch added to the flour, this shift was
small and did not affect the longer NMRT2 components, neither
the rheological behaviour of OSA dough.

Among all these differences, those observed at low temper-
atures (before starch gelatinisation) were the more prone to
explain an extended oven-rise observed by MRI for OSA
dough. In others words, differences observed between dough
systems in the temperature range at which major changes in
molecular structure occur (60–80 °C) were of no use for
interpreting differences in oven-rise observed in this study; this
might be due to the undesirable decrease in volume observed
during the second step of baking and such conclusion would
require confirmation with other types of flour—with a better
capacity of holding of their maximal volume achieved during
baking. Maximal inflation was higher (+6 %) when OSA
starch was added to the flour (together with gluten so to main-
tain the gluten/starch ratio between the original and modified
flours). This was explained by a delayed collapse of cell walls
in the bottom of the dough, which presented higher resistance
to deformation for OSA dough in this temperature range (50–
70 °C). Again, this mechanical feature was related to the higher
absorption of water by OSA starch granules.

During the second step of baking (required for complete
heating, resulting in the transition from dough to crumb at core
and also the coloration of the crust), collapse of the porous
structure combined to persistent shrinkage consecutively to
water loss compensated for the volume gained during the first
period of baking. Shrinkage was stronger for OSA dough
yielding to an even overall baking performance between the
two dough systems. The explanation for this enhanced shrink-
age could not be retrieved exactly, a higher loss of water in
OSA dough being the most plausible cause.

The textural properties of bread crumb were mostly a
reflection of rheological properties of dough, being firmer
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for OSA starch containing bread and confirmed by lower
water proton mobility as measured by NMR. In the same
time, NMR applied to cooled samples indicated a lower
proportion of protons with constrained motions for OSA
dough. This result was surprising and could be related with
differences in the gel cooling and/or starch retrogradation
process, which would need further investigation. The in-
creased crumb hardness could be counterbalanced by using
the amount of water optimal for the preparation of OSA
dough.

Conclusion

In conclusion, the overall results showed that differences in
Bmacroscopic^ changes during baking between OSA and
CONTROL dough were rather explained by the characteris-
tics of dough before starch gelatinisation than those at temper-
atures 60–80 °C at which major changes in molecular struc-
ture occur. Higher absorption of water by OSA starch granules
as measured by NMR yielded higher rigidity of OSA dough
before the onset of starch gelatinisation and delayed collapse
at the bottom of bread dough during baking. The approach
used also demonstrated the interest of dynamic monitoring
of the inflation during baking, allowing to target the baking
period and the plausible mechanism responsible for lower
specific volume. Indeed, MRI monitoring showed that the
addition of OSA starch to flour improved the baking perfor-
mance during the first steps of baking, but enhanced the
shrinkage of the structure during the last steps of baking.
Finally, mechanical properties and molecular motions were
coherent and strongly linked, suggesting very different
water-biopolymer interactions in OSA dough and final bread,
not surprising a result if we consider the structure of OSA
starch with a higher proportion of amylopectin and capacity
of water sorption but rather remarkable if we consider the low
content of OSA replaced in the CONTROL recipe. Future
investigation should search for ways of counter-balancing
low final volume default, either by further understanding
the mode of action of OSA starch during shrinkage, or by
combination of improvers, or different processing path-
ways. In order to perceive the overall potential of OSA
starch as a specific bread dough ingredient, the experiment
should be repeated in an identical manner with flours of
different technological quality especially in terms of differ-
ent qualities of protein and starch components and combi-
nations thereof. Moreover, carrying out the experiment
with optimum amount of water is also required for closer
understanding the mechanisms aforementioned explained
in the real systems which may contribute to the specific
problems solving in the manufacture of baked products
and the formulation of specialty baking products, as well.
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