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Abstract

Mechanistic relations between the evolution of tstarch/flour structure, dough
rheology and bread quality were investigated udimg most common flours and
starches in gluten-free bread-making. Micrograpgima®d that the small wheat starch
granules filled the spaces of the big granulesnieg a uniform starch-hydrocolloid
matrix. This granular advantage decreased the stemsly and increased the uniformity
of wheat-starch based doughs throughout fermentasis shown by micrographs and
the higher critical strain. The viscoelastic prdigsr of the different doughs strongly
influenced the bread volume and the crumb texflinels, starch-based breads showed
higher specific volume and lower hardness, esgdgdlbse made with wheat starch,
whose lower pasting temperature also reinforcectimtinuous phase of the crumb. On
the other hand, the large potato starch granuldsndti form a continuous starch-
hydrocolloid matrix, resulting in breads with thewest specific volume, elasticity,

cohesiveness and resilience, and the highest regdne

Keywords: starch, flour, gluten-free, bread, rhgglanicrostructure
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1. Introduction

Gluten plays a principal role in bread developmémgt giving cohesiveness and
promoting the retention of the G@roduced during fermentation. Thus, gas expansion
causes wheat breads to gain volume and attain @atterumb texture (Deora et al.,
2014). Recently, the market of gluten-free breaas éxpanded and substantial efforts
are underway to enhance their quality.

In wheat-containing doughs, rheological studies amecial for understanding the
functionality of flours and additives as well aggicting the dough machinability and
bread quality (Stojceska and Butler, 2012). The llsmmplitude oscillatory shear
(SAOS) technique is ideal to characterize the sirat properties of viscoelastic
materials (Morrison, 2001). In the last decadegprecovery has become another
technique used to characterise the structural piiepeof viscoelastic doughs. It
comprises a static rheological method in whichrestaintaneous stress is applied to the
sample and the change in strain is measured oner. tA creep phase is usually
followed by a recovery phase in which the appligdss is removed (Steffe, 1996).
Studies connecting gluten-free dough rheology whih quality of the resultant bread
are scarce. While it is true that numerous worksuite rheological analyses for dough
characterization, mostly comprising SAOS and inséesextent large deformation
analyses (Masure et al., 2016), there are stilimgersal indicators that well correlate
gluten-free dough rheology with the quality of ttesultant bread. In some works, an
increase in the bread volume was appreciated aelesstic moduli (G’ and G”)
decreased (Mancebo et al., 2015a,b; Rocha-Pared.,e2015). However, studying
different hydrocolloids, Mancebo et al. (2015b) etved that the creep-recovery

technique could be more suitable than oscillatbgas tests to predict bread volume.
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The absence of a reliable rheological indicator den attributed to the diverse
rheological evolution of the different doughs dgriprocessing (fermentation and
baking). Rheological attributes of wheat doughststhanging at the beginning of
fermentation. This is mainly due to: 1) the £&Xpansion previously formed within the
gas cells and, 2) the pH modification by meansumhsCQ and its influence on the
gluten network (Pyler and Gorton, 2008). In glufese bread making, without a gluten
network sensitive to acidification, non-studied i&mrheological phenomena could be
produced. As for the baking step, the fermentedydas exposed to heat transfer from
the oven, resulting in a chain of phenomena govkine heat and moisture transfers
(Le-Bail et al., 2011). At first the heat transfesults in an expansion of the gas cells
contained in the fermented dough via: 1) incred@3@g production by yeast (until yeast
inactivation at 50-60°C), 2) gas expansion, 3) vagation of the CQ and solubilized
ethanol in the liquid phase of the dough and 4)stooé vaporization (Zhang, Lucas,
Doursat, Flick and Wagner, 2007). However, wherchig®y a certain temperature, the
hydrated starch gelatinizes and the protein cosegiléeading to crumb setting (Le-Ball
et al.,, 2011), and therefore to an amorphous streicthat covers the gas cells. In
particular, wheat, corn, rice and potato starchesehbeen reported to have
gelatinization temperature ranges of 58-64, 626&,/8 and 58-68°C, respectively
(Biliaderis 2009). This amorphous matrix, formedimhaby gelatinized starch, will be
further modified during cooling as starch retrogrgdnfluencing bread texture.

The most commonly used starches in gluten-freedoneaking are maize starch and
some starches from tubers, such as potato ancctaffitasure et al., 2016), despite the
growing prominence of the guaranteed gluten-freeawtstarch in the last few years
(Mancebo et al., 2015a). As for the flours, riceufl is the most commonly used,

followed by maize flour, since they are the moghhi produced and affordable cereals.
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To the best of our knowledge, mechanistic studsgmwing the influence of most
commonly used starch-based ingredients in glutee-bread-making on the interplay
between dough rheology and bread quality, are scarc

Starches and flours have extensive microstructdifférences at granular structural
scales, which can influence their capacity to gateegluten-free breads with high
guality standards. However, use of scanning elaectnicroscopy (SEM) as a tool to
view gluten-free doughs and breads have been expam very few occasions (de la
Hera et al., 2013; Martinez et al.,, 2014; O’Shealet2013; Peressini et al., 2011;
Yano, 2010). In general, these studies are baseth®@mnuse of a single gluten-free
flour/starch or their combination, i.e., altogetheluring the mixing process.
Nevertheless, comparative studies on the singkecefif different starches and flours
are scarce, and none of them include rheologighhaiorostructural analysis.

The objective of this study was to obtain a comipegansight of the evolution of the
most common flours and starches used in glutenkread making during fermentation
and baking. In this way, changes produced in thegls at large structural scales were
pictured through SEM during fermentation and relate the evolution of the dough
viscoelasticity (SAOS and creep-recovery). In ddditthe development of the bread
volume and crumb texture and microstructure duildading was also studied. We
believed that results could show mechanistic cati@is between the development of
the starch/flour structure, dough rheology and dreguality, giving valuable

information with the aim of predicting the qualiythe resultant gluten-free bread.

2. Materials and methods
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2.1. Materials

Coarse rice flour and maize flour were suppliedHayinera Castellana SL (Medina del
Campo, Spain) and Maiceras Espafiolas, S.A. (Vaer@pain), respectively. Wheat
and potato starch were provided by Roquette (Lestfgance) whereas Miwon maize
starch (Daesang Co., Seoul, Korea) was purchase tine local market. The rest of
ingredients used for bread-making were VIVAPUR 4KINPMC (Hydroxypropyl
Methylcellulose, JRS, Rosenberg, Germany), Sakistdry yeast (Lesaffre, Lille,
France), salt (Union Salinera de Espafa, Madridqir§p sucrose (Azucarera, AB,
Madrid, Espafia), sunflower ABRISOL (Ourense, Spairj tap water.

Flour and starch composition was determined ugiegAACC methods (AACC, 2015)
44-15.02 (moisture content) and 46-30.01 (proteiith a Leco TruSpec device (Leco,
St. Joseph, MI, USA). The most outstanding physicaperties of the different flours
and starches were also characterised to betterrstadd the rheological and
microstructural behaviour during fermentation ardkibg. Particle size was measured
with a laser diffraction particle size analyser @W#asizer 3000, Malvern Instruments,
Ltd., Worcestershire, UK). The mean diameter ofieant volume or mass d(4,3),
which indicates the central point of the volumetritisition of the particles, was
recorded. Water binding capacity, defined as theoarh of water retained by the
flour/starch after being subjected to centrifugatiovas measured as described in the
method 56-30.01 (AACC 2015). The pasting propertiesre analysed using the
standard method 61-02.01 (AACC, 2015) with a Rayidco Analyser (RVA-4)
(Perten Instruments Australia, Macquarie Park, flisf). These analyses were carried

out in duplicate. Data are shown in Table 1.
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2.2. Methods

2.2.1. Dough preparation and bread-making

The following ingredients were used in bread-makingter (100 g/100 g flour or
starch), instant dry yeast (3 g/100 g), salt (21®@ g), oil (6 g/100 g), HPMC (2 g/100
g) and white sugar (5 g/100 g). In all tests, tlertemperature was held between 20
and 22 °C. Yeast was previously dissolved in theemibefore its incorporation. All the
ingredients were mixed for 8 min in a Kitchen AiKEM150 mixer (Kitchen Aid,
Michigan, USA) with a dough hook (K45DH) at speed-2rmentation was performed
at 30 °C and 80 % RH for 90 min. After fermentatidoughs were baked in an electric
modular oven for 40 min at 190 °C. Bread-making pagormed in duplicate.

For dough evaluation, 100 g of dough obtained afteding, 45 min and 90 min of
fermentation were placed in small aluminium mou(t40x40x35 cm, ALU-Schale,
Wiklarn, Germany), introduced into polyethylenegtia bags and immediately frozen
at -21°C. Doughs were kept in the freezer duringh®dirs before rheological and
microstructural analyses.

For bread characterization, 250g of dough obtaiafidr mixing were placed in
aluminium moulds (232x108x43.5 cm, ALU-Schale, Vdiki, Germany) and then
fermented and baked following the baking descrifieolve. Breadswere taken out from
the oven after 20 and 40 min of baking. Subseqyetite loaves were removed from
the moulds after a 60-min cooling period. They widien introduced into polyethylene
plastic bags and stored at -21 °C during 24h angllysis.

2.2.2. Microstructural analysis of doughs and breads

Dough and bread photomicrographs were taken wittan@u 200FEI (Hillsboro,
Oregon, USA) environmental scanning electron mimops (ESEM). Photomicrographs

were taken in high vacuum mode. Crumbs picturesewaken from a perpendicular
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slant to the cell wall, i.e., showing the surfadeaogas cell wall. Conversely, crust
pictures were taken showing their lengthwise sectio other words, highlighting the
thickness of the crust.

2.2.3. Rheological properties of doughs

Before conducting any rheological measurement, keugere allowed to rest in the
measurement position for 10 min as equilibrationetii.e., the necessary time to allow
the stresses induced during sample loading to.rélag required equilibration time was
selected according to previous time sweep testgedaout within the linear region (1
Pa) at 1 Hz and 25°C during 30 min. The time swiesp showed that in less than 10
min values of G’ and G” became independent of tilier adjustment of the gap, the
excess dough was removed and the exposed eddes sdrnples were always covered
with vaseline oil (Panreac Quimica S.A., Castallar Valles, Spain) to avoid sample
drying during measurements. In this study, yeastaining doughs were analyzed after
kneading (Omin of fermentation), 45 and at 90 nfifieomentation in order to include
the effects of the gas volume and fermentation bwodites. All rheological tests were
run in duplicate in a controlled stress a rheom@teake RheoStress 1, Thermo Fischer
Scientific, Scheverte, Germany) with a titaniumgtiet plate geometry sensor PP60 Ti
(60 mm diameter, and 3 mm gap).

2.2.3.1. Viscoelastic properties

Linear viscoelastic properties were studied by semalplitude oscillatory test (SAQS).
Dynamic linear viscoelastic range was estiméiggerforming a stress sweep from 0.1
to 50 Pa at a frequency of 1 Hz.

Frequency dependence experiments were conductedlffoto 0.01 Hz at 25 °C. The
applied stress was always selected to guaranteexiséence of linear viscoelastic

response. At least two replicates of each oscilfadbear test were conducted.



186 2.2.3.2. Creep-recovery test

187 Creep tests were performed by imposing a suddem stear stress in the linear
188 viscoelastic region for 60 s. In the recovery phése stress was suddenly removed and
189 the sample was allowed to rest for 180 s to recakerelastic (instantaneous and
190 retarded) part of the deformation. Each test wafopaed in duplicate. Creep data were
191 described in terms of creep compliance, J, whidtefined as the strain divided by the
192 stress applied (maintained constant during thepctest). Parameters readily available
193 from the creep-recovery curves are the maximumpce@mpliance hay and the
194 ~maximum recovery compliance.{d) measured at the end of the creep and recovery
195 phase, respectively. The steady-state compliargevéd calculated by subtractingak
196  from Jmax

197 2.2.4.Bread properties

198 Bread volume was determined using a laser sengbrthe Volscan Profiler (Stable
199 Micro Systems, Godalming, UK). The volume measumsevere performed on two
200 loaves from each sample of each batch. The spedifione was calculated as the ratio
201 of bread volume to its mass.

202 Crumb texture was measured with a TA-XT2 texturalgser (Stable Microsystems,
203 Surrey, UK) equipped with the “Texture Expert’” sofre. A 25-mm diameter
204  cylindrical aluminium probe was used in a “Textiefile Analysis” (TPA) double-
205 compression test to penetrate up to 50 % of theeadepth at a test speed of 2 mm/s,
206 with a 30 s delay between the two compressionsrgss (N), elasticity, cohesiveness
207 and resilience were calculated from the TPA cur@@®njez et al. 2007). Texture
208 analyses were performed on 30 mm slices. Analysge performed on two slices from
209 two loaves from each batch (each formulation). Ebalch was made in duplicate

210  (2x2x2).
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2.2.5. Statistical analysis

Differences between the parameters for the flowsevstudied by analysis of variance
(ANOVA). Fisher's least significant difference (L$Was used to describe means with
95% confidence intervals. The statistical analysess performed with Statgraphics

Centurion XVI software (Statpoint Technologies,.|Warrenton, USA).
3 Results and discussion

3.1. Microstructural and rheological evolution of doughs during fermentation

3.1.1. Microstructural evolution of doughs

Environmental scanning electron microscopy was @sed tool to investigate some of
the phenomena occurring during fermentation in difeerent doughs, which could
support some of the results observed later in lieelogical study. In this study, only
micrographs of doughs at time 0 and after 90 mmuafefermentation are shown (Fig.
1). In all micrographs, different starch granulggpeared loose and embedded in a
continuous phase together with the hydrocolloidvéttheless, flour-based doughs
displayed the contour of large particles coveredtiaych granules, indicating that flour
particles may not have been fully disrupted dutimg kneading process. In fact, some
authors observed that the integrity of maize (dedaa et al., 2012) and rice (Martinez
et al., 2014) flour particles is not fully disrugtduring kneading in gluten-free bread-
making. Among starches, significant differencesevalso observed, highlighting the
visual effect of the small wheat starch granulémd the spaces of the big granules as
well as the large starch granules in doughs matteputato starch. It was assumed that
the presence of a bimodal size distribution in wh&arch could be beneficial for
packaging and building purposes and therefore faking the continuous starch-
hydrocolloid matrix more uniform. On the other haitdwas also expected that the

large potato starch granules would be less prompads with themselves resulting in a

10
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less uniform continuous phase. Thus, the morphoddgitructure of these starches was
expected to influence the specific volume of breads

As the course of fermentation proceeded, in gene@lhydrocolloid-starch matrix
(continuous phase) started to present small ruptuwkich were especially noticeable in
doughs made with maize and potato starch. The €&@ansion within the gas cells
(Masure et al., 2016) could weaken the hydrocolt@tivork in which starch granules
or flour particles are embedded, making the dowgls konsistent as the fermentation
proceeds. However, doughs made with wheat stactimali show a significant number
of discontinuities, probably as a consequence @fpibsitive interaction between small
and large starch granules, which could reinforeesistem.

3.1.2. Dynamic linear viscodlastic range

Critical amplitudes of the shear stresg) @nd strainvy) for the onset of the non-linear
response were estimated from the normalized pl@ @nd G”, taking as reference the
average of their initial values at the lower torsjueached by the rheometer (Table 2).
Doughs made with flours, both maize and rice flpgtsowed a much highes; than
doughs made with starches. However, no clear difilees were observed far,
highlighting only the higher critical amplitude ofie shear strain for wheat starch
dough. As shown in Fig. 1., doughs made with whstatch were more uniform,
probably as a consequence of the positive packmgepties of their granules, i.e.,
small granules filling the interstitial spaces afge ones. This could bring about doughs
with higher resistance to strain during the stsaueep. On the other hand, the higber
of doughs made with flours suggested more resistémd¢he applied stress than those
made with starch. As seen in Table 1, maize aralftours have an important fraction
of protein compared to starches. However, maizerigedstorage proteins are entrapped

in protein bodies that need to be disrupted anddfréuring mixing to be functional

11
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(Taylor et al., 2015). This disruption of the piat&odies has only been observed in
maize under conditions when high mechanical en¢sggcific mechanical energy of
>100 kJ/kg) was applied using extrusion cooking {@&atan-Azcona et al., 1999) or
roller flaking (Batterman-Azcona and Hamaker, 199®wever, Gayral et al., (2016)
reported that the protein included in the starcanciels of flours that contain proteins
could strengthen protein adhesion to the granulfasel fostering granule-granule
associations. Therefore, we believe that the highility to shear stress of flour-based
doughs can be attributed to the intrinsic sizehef flour particle and its resistance to
disruption compared to starch granules (Fig. 1).

As for the fermentation timeg. did not show significant differences, whereas only
flours at time O of fermentation showed a signfiitta higher critical strainy) than
after 45 and 90 min of fermentation, indicatingtttiee dough structure can be broken
with lower strains once fermentation starts. The, @®pansion previously formed
within the gas cells could weaken the hydrocolloétwork in which starch granules or
flour particles are embedded, as seen in Fig. dsing the dough to be less resistant to
strain as fermentation proceeds. This behavioursiagar in all doughs indicating no
interactions between the type of starch and thedatation time.

3.1.3. Mechanical spectra

The above interpretation is more clearly suppotigdhe analysis of the mechanical
spectra (Fig. 2). The plateau relaxation zone weseed in the analysed frequency
window for doughs made with flours, both maize aied. This region is characterised
by the fact that G’ is higher than G”, with bothoduli depending on frequency but
following a different pattern (Martinez et al., Z#). This region is also characteristic
of the occurrence of physical entanglements in mpelyc materials (Ferry, 1980). In

this case, it may be attributed to the packingatfté CQ, bubbles surrounded by starch

12
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granules and flour particles as well as to the rdouion of the network formed
between hydroxypropyl methylcellulose (HPMC) macobecules and starch granules.
A different behaviour was found for doughs madehwstarch, since a crossover
between G’ and G” was observed at low frequenciéss crossover corresponds to the
end of the plateau region and to the beginninghefterminal zone of the relaxation
spectrum. In solid foams, such as doughs/breaden\tiie average size of the starch
granules (sub-micron scale) is at least one orflenagnitude than the droplet of the
discontinuous phase (millimetre scale gas cellsgke?ing stabilization could be
observed, as Dickinson (2012) suggested with stpacticles in food emulsions. This
suggests that the dispersed particles in the agoim phase would accumulate at the
gas-continuous phase interphase to form a mechgssteaic) barrier that protects the
gas cells against coalescence. In other wordssritadler particle size of starch granules
compared to flour particles could increase the €hck) stabilization of the dough,
shifting the plateau relaxation zone to lower frexgies (i.e., the terminal zone to
higher frequencies). This transition occurred ahbr frequencies for potato starch
dough. Potato starch has a B-type crystalline pohpiism (Perez et al., 2009),
characteristic of the absence of pores in the dmarsurface that leads to granules with
low water absorption capacity (see also TablerLaddition, potato starch granules are
larger than the cereal ones (Table 1, Fig. 1). &tstaictural differences could change
the behaviour of the continuous phase of the daaghpared to the rest of the starches
(yielding a narrower plateau region) through a logeanule packing as well as a lower
density of entanglements among biopolymer molecumdbe continuous phase. These
explanations would also explain the higher lossgéauh values for potato doughs,

indicating lower dough elasticity (Table 2).
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It is noteworthy that as fermentation proceeded, ¢tossover was shifted to lower
frequency values (widening the plateau region) cihikely depended on the Pickering
stabilization of the dough by the particles susgenhih the continuous phase. This
would suggest a gradual increase of the, ®@bble packing and a lower intensity of
HPMC-starch entanglements throughout fermentation.

As for the individual contribution of the viscoefi@s moduli, flour-based doughs
showed higher viscoelastic moduli than the starcugtls, indicating a higher
consistency of doughs made with flours. This phesrmon could be attributed to the
larger particle size and the protein adhesion (&lastral., 2016), which is in agreement
with what was mentioned before. This could fostemngle-granule interactions within
the flour particle (contours of large particles emad by starch granules are observed in
Fig. 1), reinforcing the flour particle during kritag and therefore raising the
individual contribution of viscoelastic moduli ohd dough. Differences were also
observed among the different starches, highlightivag wheat starch-based doughs had
lower viscoelastic moduli (less consistency). Whetdrch possesses lower water
absorption capacity than maize starch (Table 1)s,Talong with its bimodal size
distribution, could promote greater continuity & tcontinuous phase and density of the
dough structure. In other words, smaller granulesld fit into the spaces between the
larger ones, bringing about a gluten-free doughh woiwer consistency. Micrographs
observed in Fig. 1 also depict this occurrencas Ihoteworthy that the small wheat
starch granules would be more prone for Pickertapikzation of the C@bubbles of
the dough. This property should be taken into aotdor attaining breads with high
specific volume, as will be shown later in thisdstu

As predicted, the dough viscoelasticity also chdndiring the course of fermentation,

decreasing over time. This suggests a decreaseughdelasticity with fermentation,
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which is in agreement with the observed shift & thossover to lower frequencies. As
mentioned, this can suggest a gradual increaseeo€Q bubble packing and a lower
intensity of HPMC entanglements (see also Fig. 1).

3.1.4. Creep-recovery test

The ability of doughs to recover some structureshyring energy was analysed by
applying an instantaneous stress and measuringhdr@ge in strain over time (Fig. 2).
This was performed as a secondary analysis fodaligh elasticity. The creep recovery
curves of gluten-free doughs exhibited a typicatwuelastic behaviour combining both
viscous fluid and elastic responses (Lazaridoul.e807). Doughs made with flours
exhibited lower compliance values in both creep m@bvery phases. This occurrence
is in agreement to what was observed in anothelystomparing rice flour with other
starches (Mancebo et al.,, 2015a) and in the mechlaspectra of the current work.
Again, this would indicate higher dough consistefEgwards et al., 2003). Among
starches, wheat starch displayed higher compligakees than maize starch at the three
fermentation times, which is in agreement with kb consistency (low viscoelastic
moduli) of wheat starch doughs observed in the meichl spectra. As for the potato, a
different trend was exhibited, with the highest piiance values at time 0 of
fermentation. However, in this case, and conveosthé rest of the samples, a strong
increase of the compliance as the fermentationgaaed was not observed. This event
could be due to the large size of potato granuliéls the absence of superficial pores,
which could make dough less efficient in terms ohnglle packing and forming a
continuous phase.

An additional parameter that can be extracted ftbm creep recovery test is the
difference between the compliance value at the itexinregion of the curve, where

dough recovery has reached equilibrium, and theimax compliance reached at the
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end of the creep phase, called steady state campli@) (Lazaridou et al., 2007). This

value is an indicator of the elasticity of the dbudn Fig. 2, higher steady state
compliance is observed for doughs made with whigaicts, which could be explained
through the mechanisms discussed in the previat®ss.

3.2. Physical and microstructural evolution of breads during baking

3.2.1. Microstructural evolution of bread crumb

During baking, the structural and physical promsrtiof bread change, wherein
semisolid dough transforms to bread with soft increimb and crispy outer crust. The
magnitude of these transformations in gluten-fresatds will especially depend on the
starch properties. The crumb development of theemint breads during baking was
visually monitored through SEM (Fig. 4). In all tleamples, images were taken
perpendicularly to the cell walls to observe thsirface. All pictures showed the
presence of a continuous matrix formed by the ktara hydrocolloid, but in contrast
to dough micrographs, the granules were more tigltbmpacted. Numerous

physiochemical and biological transformations, rai€O, release, gas volume

expansion, water evaporation and starch gelatioizatake place during bread-baking
process (Chhanwal and Anandharamakrishnan, 2016)gli3 made with starches
presented a more uniform continuous phase tham-flased crumbs, especially those
made with wheat starch. It seems that the buildimg) packing features of the bimodal
sized wheat starch together with its lower pastamgperature (Figs. 1, 2, 3) contributed
to create a continuous phase that, after gelatioizawill lead to a continuous crumb

structure (precursor for an acceptable crumb cegbasss and resiliency). It is

noteworthy that the large starch granules obseimetthe potato sample still looked

perfectly rounded, indicating that they probablyrevenot fully gelatinised during

baking. As the course of baking progressed, thepéeature increase initiated water
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evaporation and carbon dioxide release, which reduh oven spring during initial
baking stage. Carbon dioxide release triggerediiper expansion of the top crust and
concurrently the development of crumb. Structudarges occur during the whole
bread-baking process and they comprise mainly iicktion and expansion. The
network-like structure of bread crumb is predomthamlue to starch gelatinization
(Zhou and Therdthai, 2007), as shown in Fig. 4.

The development of the crust microstructure dutiadking was also studied. The
doughs made with flours exhibited a structure fairbg the starch granules surrounded
by a protein matrix in which intact flour particlegere still visible. On the other hand,
the crust section of doughs made with starch appeaslightly less uniform.
Micrographs also showed that starch did not gelagjnforming a compact external
layer. In the crust, water evaporates quicklyyileg the starch with no available water
for gelatinization. In addition, steam was not &mpblat the beginning of baking, which
was already reported to promote starch gelatimimati the crust (Altamirano-Fortoul et
al., 2012; Le-Balil, et al., 2011). However, sigraht changes were not visible and a
clear trend was not observed (Supplementary materia

3.2.2. Physical properties of breads

The effect of the type of starch source and thengatme on the specific volume and
crumb texture is shown in Table 3. Breads made ¥atlrs had less specific volume
than those made with starch. This could be relatelde high consistency of flour-based
doughs, i.e., high viscoelastic moduli and low maxin creep compliance (Martinez et
al., 2015b). As mentioned, it can be attributedttite bigger particle size and the
presence of a protein layer observed in Fig. lpdrticular, breads made with maize
flour exhibited the lowest specific volume, whicbutd be due to the higher water

absorption capacity of maize flour compared to fioar (Table 1). Meanwhile, starch-

17



410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

based breads showed a higher specific volume, iedigewheat starch-based breads,
followed by the bread made with maize starch. Tism agreement with the previous
results obtained in the rheological analysis, wivdneat starch-based doughs had lower
consistency, i.e., lower viscoelastic moduli (FR), better packing properties and
capacity to form a uniform continuous matrix in theugh (Figs. 1, 4). In addition, the
lower pasting temperature indicates that wheatcltastarts to gelatinize earlier,
leaching amylose that could increase the viscoaitg elasticity of the continuous
starch-hydrocolloid continuous phase (Table 1).0Ais good correlation with the
rheological and microstructural analysis, potatardi-based breads had the lowest
specific volume among the starch-based breads.odugrrence can be attributed to the
large granular size of potato starch, which prevethie starch from forming an
acceptable continuous phase with the rest of thglorumb components.

Specific volume was inversely correlated with crurhbrdness. This reciprocal
relationship has been reported in previous stualiegluten-free bread (Gallagher et al.,
2003), and it was attributed to the lower resistatocdough deformation, with a higher
percentage of air content. In general, starchesvastioa softer crumb with higher
elasticity and resilience than flours. Again, whesarch crumbs showed the best
textural properties (lower hardness and highertielgs cohesiveness and resilience),
likely attributed to the contribution of the whestéirch structure..

The development of the volume and textural pararaeitbreads along the course of
fermentation is also shown (Table 3). Crumb eld@gticohesiveness and resilience
were not changed from 20 min to the end of fermemtaAccording to the results, it
seems that some attributes of crumb structure emaefd at the early stage of the
fermentation and then they remain constant. Howelvezad volume increased over

fermentation, leading to softer crumbs, indicatihgt some changes occur during the
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entire baking process. These changes producedeirsttincture of bread crumb are

predominantly due to starch gelatinization (Zhod &herdthai 2007).
4 Conclusions

Changes produced during the fermentation and bakirgjuten-free breads depended
on the structure and morphology of starch granaled flour particles. In general,
results showed that the large and compact floutighes partially maintained their
integrity during the kneading process causing deuglbe more consistent and resistant
to shear stress. This led to breads with lower melsi and textural properties. On the
other hand, the granular morphology, size, watesogiiion capacity and pasting
temperature affected the way the starches intatadte this way, the bimodal size
distribution of wheat starch was more prone to faruniform continuous starch-
hydrocolloid matrix which was further enhanced dgrbaking as a consequence of the
low pasting temperature of wheat starch, entadiagier amylose leaching. This led to
a dough with low consistency but high capacity étain CQ during fermentation,
resulting in breads with the highest specific votuand the best textural parameters
(low hardness and high elasticity, cohesiveness rasdience). These mechanistic
relations between the development of the staralv/fkiructure, dough rheology and
bread quality during bread-making will provide udehformation for the gluten-free

bread-making industry.
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Figure captions

Figure 1. Micrographs of doughs at the beginning (0 min) atdhe end (90 min) of the

fermentation.

Figure 2. Mechanical spectra of doughs after fermentingOfdclear grey lines), 45 (dark grey
lines) and 90 min (black lines). G’ and G” are m&yed with continuous and discontinuous
lines, respectively.

Figure 3. Creep-recovery curves of doughs after fermentorgOf (clear grey lines), 45 (dark
grey lines) and 90 min (black lines).

Fig. 4. Micrographs of bread crumb from a slant perpendictd the cell wall after 20 and 40
min of baking.

Supplementary material |. Micrographs of the crust section of breads afte@B@d 40 min of

baking.



Table 1. Composition and physical properties of the different flours or starches

Protein (g

Stiﬁg:rg dbigffd V';"acifrt/‘ig(’) (3) proteg; ;1/100 D(4,3) (um) Wat\’;’r?gcs(g” g PTCC) PV(P) BR(P) FV(cP)
Maize flour 9.37 6.1 189.0 1421 7355 3535 1135 5472
Rice flour 8.70 78 205.0 1.291 7020 3082 1482 3169
Maize starch 10.54 n.d. 175 1.337 7520 4988 2207 4435
Wheat starch 11.10 n.d. 21.3 0.626 57.40 5697 2149 6329
Potato starch 14.66 nd 436 0171 6530 12143 9996 4111

D(4,3), De Brouckere mean diameter; WBC, Water binding capacity; PT, Pasting temperature;

PV, Peak viscosity; BR, Breakdown; FV, Final viscosity



Table 2. Effect of the origin of the starch-based ingredient and fermentation time on the viscoelasticity of gluten-free doughs

Starch-based ingredient Fermentation time (min)
Maize flour Rice flour Maize Wheat Potato 0 45 90
starch starch starch
Critical Stress (Pa) 5,78bc 7,28¢c 1,08a 1,61ab 1,89ab 3,95a 2,91a 3,73a
Critical Strain 0,001839ab 0,001438ab 0,001100a 0,003862c 0,002232b 0,002803b 0,001798a 0,001681a
tan 6 0,535a 0,525a 0,723b 0,782b 0,957c 0,723ab 0,742b 0,648a

Values followed by the same letters within each parameter for each factor (starch-based ingredient and fermentation time) indicate no significant differences.
tan §, loss factor



Table 3. Effect of the origin of the starch-based ingredient and the baking time on the volume
and texture of gluten-free breads

Starch-based ingredient Baking time (min)

Maize . Maize Wheat Potato

flour Rice flour starch starch starch 20 40
Specific volume (mL/g) 2,18a 4,69b 7,14d 8,40e 6,64c 5,10a 6,52b
Hardness (N) 6,733b 0,732a 1,250a 0,957a 0,877a 1,71a 2,51b
Elasticity 0,750a 0,833b 0,955¢ 0,983c 0,956¢ 0,887a 0,904a
Cohesiviness 0,322a 0,576b 0,560b 0,681c 0,588b 0,545a 0,546a
Resilience 0,141a 0,327b 0,415c 0,568d 0,405bc 0,368a 0,374a

Values followed by the same letters within each parameter for each factor (starch-based ingredient and
baking time) indicate no significant differences.
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Highlights

The rheological evolution of gluten-free doughs during fermentation was studied

The textural evolution of gluten-free breads during baking was studied

Mechanistic relations among starch, dough rheology and bread quality were obtained
Doughs with low consistency and uniform continuous phase provided high volume breads

Wheat starch was prone to form a continuous phase that increased bread quality



