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Abstract

Background: This literature review describes the evolution dgribaking of the three main
components in dough (starch, proteins, and theargupghase) in order to understand what causes gas
cells to open. To date, most of the literature foassed on the role played by proteins, glutengvi
received most attention in the last decades (stnaimtlening properties, ability to stretch without
rupturing etc.). The possible role of a liquid ldiamdnas more recently been proposed. While a number
of articles directly evidence its existence, indinesults also provide proof of its presence. iiihe of
starch in the mechanisms of gas cell stabilizadiestabilisation has been little considered. The
multiple actions of starch described in this revieay offer an explanation for this.

Scope and approach: The authors have set out to consider all phasesocandderstand how they may
interact during baking in such a way as to leadhtaadly to gas cell wall rupture.

Key findings and conclusions: The four most likely situations are presented ardus$sed:

» gluten with poor ability to stretch: rupture occtws early during baking.

» gluten with poor ability to stretch but assistedablyquid lamella: rupture is delayed; extent of
delay is dependent on starch’s sorption of water.

» gluten with good ability to stretch, starch grasuseften early during baking but do not fuse
(ideal situation): structure opens late in bakirigew loaf is able to sustain its own weight.

* too many fusing starch granules: gas cell wallstdaiupture and loaf shrinks during cooling.
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1. General introduction

Dough can be viewed as a dispersion of discretblbabn a viscoelastic gluten-starch
matrix, hydrated with water and comprising some eottminor components (lipids,
hydrocolloids). At advanced proofing, the wall tisaparates adjoining bubbles may become
extremely thin, most akin to a film (made of glutaore or less loaded in starch granules or
liquid lamella). These bubbles are also descrilededls, by reference to the term used for
foams. Pore opening which takes place during pngadind/or baking is the process by which
the film ruptures and is replaced by a networkntéri-connected cells that may coalesce into
a single, larger and quite round cell where the Gal Wall (GCW) is still deformable.
During baking, hydrothermal reactivity of starchdagiuten will much affect the mechanical
behavior of the GCW directly, but also indirectly modifying the water distribution in the
GCW.

Gas contracts upon cooling, resulting in low pressuo closed bubbles and a decrease
in cell volume (Gan, et al., 1995; Mills, et alQ(B). Pore opening is hence required to
preserve the inflation obtained during the proofamgl baking stages and a normal loaf shape
(Fig. 1). In normal conditions, bread crumb tendsdisplay an open foam structure,
permeable to gases (Baker and Mize, 1939) i.e.hitlwlocal pressure rapidly equilibrates
within the connected network (Grenier, Le Ray,let2010). Last, open pores also contribute
to the softening of crumb at the chewing step —réfationship between crumb density and
elasticity increases two-fold when passing fromrofzeclosed pores (Wang, et al., 2011).

Gases are retained as long as cells remain cl@a$edtiming of pore opening during
the breadmaking process is crucial for optimal losé. Extensive work in the past decades
has been dedicated to finding ways of enhancingrgestion during proofing. This has
yielded better-performing flours for breadmaking em pore opening is successfully
postponed to advanced stages of baking. The araetof pore opening in the baking process
remains key for the control of final crumb textu&mulations with a numerical model of
baking (Lucas, et al., 2015; Nicolas, et al., 2046pwed that the timing of pore opening
much affected the spatial distribution of gas fiactat the end of baking, especially near the
loaf surface (Fig. 2). While late pore opening dgribaking favors gas retention, high

inflation and uniformity of gas fraction, early goopening results in collapse of gas cells at
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the lower part of the loaf, resulting in crumb acéaery low density and low overall inflation
(Nicolas, et al., 2016).

Despite of the impact of pore opening on the filakad characteristics, the
mechanisms governing GCW rupture during bakingstiigpoorly documented. Biochemical
changes (starch gelatinization, protein denatunatoe often invoked as preliminary to GCW
rupture. However, the way these macromoleculesna@ved in the micromechanics of the
GCW has been little considered in the literaturge Elucidation of the mechanisms driving
the rupture of the GCW requires study on a scalergvthe gluten-starch matrix can no longer
be considered as homogeneous and where interati@ween constitutive phases (hydrated
gluten, hydrated starch granules and possiblyithed lamella) predominate (Van Vliet, et
al., 1992). However, observations on that scalenateeasy when studying opaque material
undergoing rapid dynamic changes.

The aim of this paper is to review the state ofalterelated to the rupture of GCWs
from advanced proofing to the end of baking, ineordo propose a unified vision of
governing mechanisms at the microscale togethdr thie compilation of data necessary to
achieve this understanding and to identify the gapbe filled. This review first describes
past attempts to monitor pore opening. Most of ah@®asurements were performed at the
macroscale (dough scale) and were related to thehémical events in an indirect manner
(through temperature monitoring in fact). The fallng two sections focus on events at the
scale of the GCW and below. First, Section 3 gigeshort overview on the size and
morphology of GCWSs. This section completes theoohiictory concepts for those new to the
field. More expert readers may adjust their pefiogptof dough as a fundamentally
heterogeneous foam structure, where thick GCWsstiltepredominant even at the end of
proofing. Section 3 ends with the concept of thee‘tayer” state of the GCW, involving only
a single layer of oriented starch granules, whicdktcedes the formation of a gluten film at
some spots. Then, Section 4 describes the intedirikochemical and mechanical changes
occurring during baking in each constitutive phatéhe GCW. It compiles what little data
has been reported at the moderate water contemigindefrom bread dough and the
temperature range applied during baking, but alsghlights what is required for
investigations in the immediate future. Sectiomdsby questioning the spatial organization
of these phases in a GCW as well as their modemtefaction during baking. If the
interaction between starch and gluten has quite kaelied for crumb i.e. after cooling and

starch retrogradation (Guessasma, et al., 201Talmgeet al., 2012; Liu, et al., 2003), there is
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little information about the nature of the interantduring baking. Last, Section 5 describes
the ways each phase favors or postpones the rupttine GCW. It returns to and refines the
mechanisms commonly invoked by the cereal commuamty proposes some novel ones to
complement these. It raises a concern over thdizgtdion/destabilization role played by the

starch granules during baking, which has beerofaotverlooked in the literature.

2. Estimation of pore opening during baking

In a pioneer investigation, He, et al. (1991b)dé&mely linked the timing of pore opening with
the initiation of CQ release in the oven atmosphere during baking.etipe temperature could be
assigned to these observations since the ohmidngeased in this study ensured quite an even
temperature throughout the dough. The authors adedl that the “loss in gas-retaining ability”
started at 72°C and persisted until 88°C. Howe¥drang, et al. (2007) questioned the different
mechanisms controlling the major peak of Q€lease. They assigned the release of @@h the aid
of a numerical model of baking, to the developmehta pressure gradient consecutive to crust
formation. They also indicated that pore opening @ecur well before the major peak of C@lease
and, in such a case, accounts for the smallerdexeCQ released. Reports from He and Hoseney
(1991a, 1991b) were re-analyzed in the light of rithat al.’s findings, yielding pore opening
temperatures of 48-50°C when the dough consistemsyoptimal. Lower opening temperatures were
found for doughs prepared with less water (40-425Q)ith starch or gluten preheated at above 60°C
(30°C).

Cereal science has also benefited from developniemslymer and metal foam science (e.qg.
Neff and Macosko (1996) and Zhang, et al. (1998y)wéng indirect investigation of pore opening
during bread dough baking (Miet al., 2016; Singh and Bhattacharya, 2005).ifsiance, Neff and
Macosko (1996) used rheometers to dynamically la@xpanding urea-based polymer in the shear
direction, while monitoring its expansion. As fayujh, a mixing stage is used to initiate bubblés in
the foam. Then, carbon dioxide is chemically pradlevithin the foam and makes the growth of
bubbles possible under the plate of the rheomBigting expansion, the load varies with the pressure
exerted by the gas onto the GCWs within the foanh iarlowered by GCWs opening. The normal
force first increased and was related to the stifig of the polymer matrix. Then, when pore opening
occurred, the normal force suddenly dropped. SmaN@nts were observed in the case of bread dough
during heating. Unfortunately, temperature unifaynthroughout the dough sample was not well
controlled or recorded. After re-evaluation of th@ugh temperature commonly associated with the

minimum and maximum dough viscosity levels reportedthese studies (55-60°C and 75-80°C
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respectively, according to (Dreese, et al., 198N, et al., 2010)), pressure-peak temperatures we
re-estimated at 87°C for Singh, and 85°C foé.NNote also that Mj et al. (2016) used a device less
subject to auto-tension effects than that of Siewgth Bhattacharya (2005). A rheometer was associated
with laser displacement sensors to measure thei@uali lateral expansion of the dough sample

compared with its normal displacement.

More recently, connectivity between cells conseeuto GCW rupture has been estimated
after thresholding of dough/crumb images acquine@D X-ray tomography. Connectivity is defined
as the ratio of the volume of the largest gastodhe total volume of gas cells and ranges froro e
the unity. Very high values of connectivity wereufiol in bread crumb, as expected, >98% (Wang, et
al., 2011), but also, more surprisingly in fullyopfed dough, > 85% (Babin, et al., 2006; Turbin-
Orger, et al.,, 2012). A tiny hole in the GCW is faént to connect neighboring cells and the
detection of holes will be considerably affectedtby spatial resolution and the signal-to-noiserat
in the images to be analysed. In Babin, et al. §2Ghd Turbin-Orger, et al. (2012), the thinnest
GCWs may not have been detected because of insuffispatial resolution, leading to an
overestimation of connectivity. Zghal, et al. (2DGfoposed an alternative method based on 2D
images of bread sections; they compared the nuofbgas cells with a reference obtained using the
shortest proving time, and deduced the proportiohnissing” GCWs, which ranged from 0 to 13%
depending on flour type.

In conclusion to this section, all methods propasethe literature still require improvements
before a definitive estimate can be reached. Onotie hand, most of these measurements were
performed at the macroscale (dough scale) and wedaged to the biochemical events in an indirect
manner (through temperature monitoring in fact). ha other hand, imaging the GCW in the
dynamics of extension still lacks sufficient sphatiesolution for confirming evidence of gas cell

opening.

3. Size distribution of gas cell walls in relatiorto the structuring of

the gaseous phase in dough during the breadmakingqress

The mixing step allows for flour hydration and ailmiites by its dispersive and distributive
actions to the development of the gluten netwaidpping air in the form of large bubbles that are
subsequently broken down into smaller ones (Fiyj. Baring the proofing step, these tiny air bubbles
take up the C@®and ethanol produced by yeast fermentation ana.gftie increase in temperature
during baking induces i) the supplementary productof CQ by yeast up to its inactivation
temperature and the liquid-gas transfer of theotlissl gas into bubbles (Nicolas, et al., 2016),



128  resulting in what is known as oven-rise, and i@ #getting of the structure and the formation of the
129  crust. Gas fraction, defined as the volume of gast@al volume of dough, thus increases across all
130  the breadmaking steps: 8-12% immediately aftermgixv0-75% at the end of proofing and 80-95% at
131  the end of baking (Della Valle, et al., 2014).

132 With increasing gas fraction the thickness of thé&em-starch matrix surrounding gas cells
133  decreases. Yet low values of 300-500 um in avefige 3b) were already reported for GCW at the
134  end of mixing, which is explained by the alreadgthihumber of small-sized bubbles>I@° per cnm

135 (Bellido, et al., 2006; Chakrabarti-Bell, et alg12). GCWs decrease in thickness down to 240 pm at
136  the end of proofing (Babin, et al., 2006; Besbésl.e 2013; Turbin-Orger, et al., 2012); this aage

137  thickness is associated with a high dispersion @# @m which mirrors the broad distribution in
138  bubble diameter (Fig. 3c). Such a foam structureeis different from the first one depicted by
139  Bloksma (1990), which assumed a cubical array agecpacked gas spheres of equal size separated by
140  thin walls at multiple contact points. Indeed, GCihigner than 20um made up less than 0.5% of the
141  GCW material in dough regardless of proofing tinteg( 3b). Nevertheless, this proportion is
142  indicative only (and might be slightly underestiewit since the spatial resolution of images used for
143 this estimation (Turbin-Orger, et al., 2012) didt mapture the thinnest GCWs (this is why the
144  probability density function can be seen to be dated on the lower side in Fig. 3b). On the other
145  hand, coalescing bubbles during proofing drive llab&ckening of GCWs (+50 um over 80 min)
146  (Turbin-Orger, et al., 2012). The thickness of GCM/si0t greatly modified on average by baking
147  (Babin, et al., 2006; Turbin-Orger, et al., 2012)t sizes become more dispersed, following further
148  thinning of the GCWs upon extension and local thidhg arising from additional coalescence (Fig.
149  3b). In fact, bubble coalescence may continue dusaking and was observed until loaf cores reached
150 70°C (Grenier, Le Ray, et al., 2010; Hayman, et1#98). Fig. 4 shows microscopic shots of these
151  GCWs at different breadmaking steps. Reports ifitieture are of large GCWSs with 20 to 50 starch
152  granules embedded from one side to the otherjrikéug-Iten, et al. (1999), see also Fig. 4b. Gne t
153  two rows of elongated starch granules confined loyeg films are still detectable in the thinnest
154  continuous GCWs available in the literature (Fig.f. This configuration of a wall composed of ynl
155 one single particle layer, also called the “onesfagtate” in material science, is presented as the
156  preliminary stage to rupture (Bloksma, 1990). Indasion, thick GCWs are still predominant even at
157  the end of proofing and a minority only conformghe “one-layer state”. GCW thinning which ends
158  with the rupture must be viewed as a continuousgs®, taking place at different locations in dough
159  during the whole breadmaking process, from earbvipg until the end of baking. In this view, the
160 GCWs of intermediate-size (two to three rows afradid starch granules in the thickness of the GCW)
161 at the end of proving are the ones most likely upture in the first part of baking. Next section
162  focuses on the heat-induced changes in the motestmiecture leading to the setting of GCWs, as well

163  as the organization of these molecules into GCVWghand the way they interact.
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4. Constitution, spatial organization and changes in e

properties of cell walls during the breadmaking pra@ess

Once the GCW thins, it can no longer be considereda continuous homogeneous medium; its
characteristic size corresponds to those of itqimanstituents (gluten film, starch granules). Henc

to address the GCW, it is necessary to considephiases both individually and as they interact with

each other. Three phases are considered: the ajgeanular phase, mostly composed of starch
granules, the hydrated gluten and the liquid lamékections 4.1 and 4.2 focus on the first two @has

separately. Section 4.3 deals with the organizadioth the modes of interaction between these two
phases in the GCW; this last section also discuiseddistribution of water between phases in

assembly, with a focus on the resultant liquid ldanghe third phase).
4.1.  Wheat starch

The stiffness and size of starch granules affeet tfinimal size of the thinnest GCWs
(Bloksma, 1990) (Fig. 4). Both are themselves ingédy granule moisture, that is, by gelatinization
kinetics which are in turn affected by the amouhtieailable water, temperature and also granule
composition (amylose/amylopectin ratio, crystatiiini Starch gelatinization is accompanied by
amylose leaching which contributes to increasedogiy in the dough water. Transfers into and out
of granules together with phase changes duringriieate described below and are linked to the size
and mechanical properties of starch granules. ®besfis on individual granules considered at low to
intermediate moisture levels. Since few studiesdooted under these conditions are available,
frequent reference will be made to studies of wsatarch suspensions with excess water and the
findings will then be extrapolated by us to loweater contents (WC). All WC values are expressed in
wet basis (wb).e. in g of water per 100g of wetted sample (floudough). The analysis spans a large

temperature range, extending below and above thiritduced transition temperatures of starch.

At or close to ambient temperature

The three-dimensional structure of native star@mgles is well described in the literature
(Gallant, et al., 1997). Starting from the hilurtgrsh is deposited in alternating amorphous and-sem
crystalline concentric growth rings which mainlyntain amylose and amylopectin respectively. The
distribution in size of wheat starch granules isdulal. The largest granules (so-called A-type) are

lenticular, of 5-15 um in thickness and 22-36 umdiameter (Jane, et al.,, 1994). The smallest
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granules (B-type) are spherical and their diamedages up to 15 um (Wilson, et al., 2006). They

account for 27% of the total starch in weight, fout97% in number (Soulaka and Morrison, 1985).

When in contact with water, starch granules swadl th the strong hydrophilic nature of their
constituent macromolecules. At or close to ambigmhperature, hydration mainly involves the
amorphous parts made up of amylose (French, 198#)eads to swelling. Reports on swelling of
starch granules in excess water are rare forehigpérature range. By comparing the density andrwate
content of dry and hydrated wheat starch granllesgate, et al. (1978) reported swelling power (SP)
of 1.43 in excess water at 20°C (SP being expressghm of the hydrated starch granules per gram
of the dry original granules). This corresponds tb.3-fold increase of the lenticular diameter 434-
pm), assuming constant thickness of the granule lggéow). SP varies with the botanical origin of
starch and with the proportion of damaged stardtour which represents between 7-27% of the total
starch (w/w db) for wheat (Berton, et al., 2002Hded, WC of wheat native starch granules in céntac
with excess water is between 36 and 49% wb (RaapdrDeman, 1980), while WC in damaged
starch is between 67 and 81% wb (Berton, et aD22B8ushuk, 1966). There is also a suspicion that
swelling will increase with increasing temperatleeel, even before the onset of starch gelatironati
(Kovrlija and Rondeau-Mouro, 2017). However, thetmnges have been overlooked in studies
involving SP at high temperatures which have vdrgroreported values close to unity at temperatures
of 40-45°C e.g. (Mufioz, et al., 2015; Tester andridon, 1990). Given this evidence, the significant
swelling of intact granules before the transiti@mperature of starch is discarded as a possible
mechanism in the following and, consequently, tineedsions of dry starch granules are considered to

apply still at the beginning of baking.

Additionally, water sorption by granules is accomied by the release of amylose into the
surrounding dough water. There are few studiegadhing at low temperatures. The literature places
strong emphasis on the high capacity of damagedhsta leach out at room temperature e.g. (Evers
and Stevens, 1984). A more recent study using Thumain-Nuclear Magnetic Resonance (TD-
NMR) showed that 3.34 + 1.27 g per 100 g of dry athetarch leached out at 20-40°C and a water
content 0f35-50% wb (Kovrlija and Rondeau-Mourol 2P

In the wheat kernel, wheat starch falls within @ea range of Young’'s modulus (Chichti, et
al.,, 2013). The literature reports are scarce ftweat starch granules. Starch granules will be

considered as rigid particles at the early stagésking.

In the temperature range of baking, where the n@jase transitions occur in starch

When heated in excess water, wheat starch undergoegreversible disruption of its
molecular order (crystallite melting) which is past the gelatinization process. Gelatinization

combines several other events, such as absorptiovater, change in shape and size of granules,



229
230

231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249

250
251
252
253
254
255
256
257
258

259
260
261
262
263

starch solubilization also called leaching (Biliede2009); these changes will be further described

below.

SP steeply increases a few degrees below the tamperature for endothermic transition of
gelatinization as measured by DSC (Biliaderis, 2008foz, et al., 2015) and reaches values up to 20
times greater in excess water and temperatureghsak 95°C (Fig. 5a). The thermal dissociation of
crystallites permits further water ingress and aixd the extent of swelling far beyond that obsgrve
at temperatures below starch gelatinization legehanced swelling in turn accelerates the prockess o
disruption of neighboring crystalline parts wittpigh propagation within the granule (Bogracheva, et
al., 1998). The degree of starch gelatinization lagce swelling depends on both the maximum level
of temperature reached and the water availablegstarch. Access to water is affected by the eatur
of the granule surface (Debet and Gidley, 2006) ianmproved thanks to constraint relaxation while
granules gelatinize, this gelatinization dependamgthe degree of crystallinity and organization of
starch granules (Vermeylen, et al., 2005): A-typesus B-type, crystal defects, any variability tme
breeding conditions or cultivars, whether damagedad at the milling step. The SP of wheat starch
granules in water suspensions increased steepljiregadly with temperature (10 to 15% per °C, Fig.
5a), and showed a deceleration between 65 and IG-&P values are scarce at intermediate WC,
even for starch-water mixtures. Wang, et al. (20Bported SP of between 1.8 and 2.2 for wheat
starch with a WC of 40-50% wb and 92.5°C (Fig. 5&rresponding to an increase in granule
diameter of 1.4-1.5 (where granule thickness issitlamed to be constant). Note that swelling is
expected to be considerably less at the same VdGLigh, because of competition among components

for water (see below).

Monitoring of the swelling of individual wheat sthr granules in excess water e.g. (Cai and
Wei, 2013; Patel and Seetharaman, 2006) was censistith the above picture for starch-water
mixtures observed as a whole. Swelling initiatesnfithe hilum and propagates towards the edges of
the granule (Cai and Wei, 2013). It was reportebe@nisotropic in lenticular granules, no swelling
being observed in the thickness direction of trengle (Bowler, et al., 1980). Where SP was higher
than 5.8-7.3 as encountered when T>70°C in excassrwswelling was accompanied by puckering,
with possible impact on the overall dimensionshaf swollen starch granules (Bowler, et al., 1980).
However, when WC levels are relevant to dough (isua 0.46) and as reported in Fig. 5a,

extrapolation of Bowler’s findings indicates thatcgering is unlikely for the anticipated SP.

The leaching of starch components is fosteredgit témperatures, a phenomenon which has
so far received little attention at WC levels relevto dough (Kovrlija and Rondeau-Mouro, 2017;
Nivelle, et al., 2019). The main reason for thishis difficulty in accessing the extragranular amuse
phase (Wang, et al., 2014). Leaching in excessrvweaturs quite late in the heating process, 5%, 7.
and 35.0 g per 100 g of dry wheat starch beinghledcat 85, 90 and 96°C respectively after
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temperature has held for 30 min (Doublier, et H87). Leached amylose and amylopectin form a
macromolecular gel at high temperatures with pdésstboss-linking between themselves and with
other constituents (lipids, proteins) at coolingliéifleris, 2009). A low heating rate also favors
leaching (Doublier, et al., 1987) and, consistentBsults in greater firmness of the starch-water
mixture after a heating-cooling cycle (Patel, 2006) general, the heating of wheat bread crumb
proceeds at a moderate rate (5-6°C/min) over at gheniod (10 min) and is succeeded by 10

additional minutes where the temperature is het@l®5°C while the crust is browning.

As has already been mentioned for low temperatuvesy few reports exist of direct
measurements of the mechanical properties of iddali starch granules, especially for wheat starch.
In excess water, the shear modulus of swollen patatrch granules was a few hundred Pa (1.5 kPa at
most) (Desse, et al., 2010). The work of Carringteinal. ( 1998) and Fisher, et al. ( 1997) was
devoted solely to the identification of Young’s nudus for swollen potato starch. The granule was
gelatinized in excess water at 69°C and then cotdedmbient temperature. Measurements gave
Young's moduli of the order of a few hundred PasBuggested that swollen granules become easily
deformable under the stresses at play in breachgakiith an order of magnitude of 1.7 kPa (Grenier,
Lucas, et al., 2010). Transition temperature betwegid and soft particles during gelatinization is
still not known exactly. It can only be stated thmaexcess water granules above 70-80°C are already
softened since they lose their integrity under ghgaconditions, yielding a steep increase in v&siyo
e.g. (Debet and Gidley, 2006). Measurements of lkdotdgcosity also showed a slight decrease at
temperatures above about 70°C whatever type of amicdl test was used; this transition has been

tentatively assigned to granule softening (Vaniglg 2013).

4.2. Wheat gluten

Gluten is the main protein phase in dough and énftitiowing we focus on its constituents,
glutenin and gliadin, in order to shed light on thelecular aspects of the modulation of dough’s
mechanical properties (MacRitchie, 2016; Orth antaik, 1972). The polymeric and aggregative
glutenin and the monomeric gliadin are presenbughly equal proportions. Glutenin polymers, made
from disulfide concatenated polypeptides, show mdbr weights ranging from 100,000 to several
millions; glutenin is completely insoluble in watand the larger polymers cannot be brought into
solution whatever the solvent (Shewry, et al., 20@adin is the water/alcohol soluble component o
gluten. It includes monomeric proteins with a malac weight ranging from 30,000 to 70,000 g /
mol. Gliadin and glutenin both contain high levelglutamine (£ 30%), a strongly hydrogen-bonding
amino-acid (Rhys, et al., 2012). Gluten proteingnethough being insoluble in water, swell up to

about 63-64% (wb) in its presence. In mixed dougjotenin polymers and gliadins, interacting
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through H-bonds, ionic bonds and hydrophobic bofaisn the basic structure of an elastic protein

network.

At or close to ambient temperature

If the theory of linear polymers is considered fplst to gluten, the elasticity of the dough is
connected to the length of glutenin polymers aratetby to their degree of entanglement (Bloksma,
1990; Brandner, et al., 2019; Ewart, 1977; Ewa®88| 1972; Graveland, et al., 1985; Hoseney and
Rogers, 1990; Singh and MacRitchie, 2001). Glutestiain interactions through H-bonds would
proceed along trains interspersed with loops, wigdrogen bonding with water prevails (Belton,
1999). As a polymer, the ability of gluten to bdesded without rupturing depends on its average
molecular weight, on the spacing of entanglememntghe rate at which molecular chains can slip past
one another in response to deformation (Singh arsmtR¥chie, 2001; Termonia, et al., 1988;
Termonia and Smith, 1988; Termonia and Smith, 199®)wever, the deformation rate during
proofing and baking remains moderate, of the oodldi0® s*, compared to the #0s* beyond which
the draw ratio of polymers (ratio of deformed todeformed length prior to rupture) is commonly

impacted (Termonia and Smith, 1992).

Polydispersity and the relative proportions of asabf different lengths is important in
controlling the viscoelastic properties of a giymymer (Termonia and Smith, 1992). For a melt of
linear monodispersed polymers, the draw ratio ptdorupture increases strongly with the average
polymer molecular weight up to a critical moleculaight threshold above which stress-strain curves
remain quasi-identical (Termonia and Smith, 19&9ugh maximum resistance to extension was
found to be related to the percentage of flouraglint polymers extracted by sonication and showing a
molecular weight over 250,000 g / mol (Bangur,letl®97; Sroan, et al., 2009). In reality, theicail
molecular weight threshold above which gluteninypwrs contribute to gluten elasticity would
roughly coincide with their solubility threshold sodium-dodecyl-sulfate buffers (so above 1 to § M
/ mol). Accordingly, strong correlations are foubdtween the quantity of flour SDS-insoluble

glutenin polymers and flour baking qual{i@upta, et al., 1992).

The quantity of glutenin polymers contained in tgi@tein determines extensibility (Sroan, et
al., 2009). Indeed, the degree of entanglementrrdetes gluten elastic response, while small
polypeptides enable polymer segments to slip betwemtanglements and enhance the material
viscous component. Gliadin, being as prone as miutéo H-bonding, acts as a perfect diluent
(Graveland and Henderson, 1987) when interactinth wilutenin polymers. Rheological tests
performed on both glutenins and gliadins at 20°@s&antiate the viscoelastic and the viscous
(slippage) features of glutenins and gliadins respely (Hernandez Estrada, et al., 2017; Khatkar, et
al., 1995). The removal of gliadins causes an as®dn stiffness and reduces the extensibilityhef t

residual glutenin-fraction (Song and Zheng, 2008)e successive addition of glutenin fractions of
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increasing molecular weight to a given flour, atstant protein content, causes loaf volume to
increase and, after reaching a maximum, to decrdasedh and MacRitchie, 1989; MacRitchie,
1987). The occurrence of an optimum volume possibtiicates a balance between strength and
extensibility, beyond which the stiffness provideyg polymer entanglements decreases the failure
strain and might cause lower loaf volumes (Singth BiacRitchie, 2001; Termonia and Smith, 1988;
Tsiami, et al., 1997). It is important for therelte a good balance between elasticity and viscasity
the gluten; sufficient elasticity to retain gas Imat so much that expansion is lost (Shewry, et al.
1995).

The draw ratio at rupture also depends on the nurmbeentanglements in the network
(Termonia and Smith, 1988). The steep increastamshardening encountered after the yield pant i
due to increased alignment of monodispersed mascbketween entanglements. The higher the
number of entanglements in the molecular netwdrk, rhore quickly molecules align and the less

deformable they are. The stress increases morlydpan strain in greater extent.

If the Glutenin Macropolymer (GMP) model is consett to be correct (Graveland, et al.,
1985), the mechanical behavior of the gluten worddult from the combination of multilevel
mechanisms (Van Vliet and Hamer, 2007) and not froatecular-scale mechanisms alone. Among
these levels we can distinguish the molecular lewgiere covalent bonds are essential; the mesocopic
level —where the physical aggregation of gluteratymers into macropolymers (GMP) is relevant;
and the macroscopic level —where processing camditaffect the resulting properties of dough. GMP
is believed to resemble a protein particle netw(idlon, et al., 2003b; Don, et al., 2005). The
mesoscopic interactions between glutenin aggregamsdd govern the macroscopic rheological
properties of the dough (Don, et al., 2003a; Ddnale 2006; Rosell, et al., 2013; Van Vliet and
Hamer, 2007).

The true nature of gluten and whether the linedyrmper model is applicable to it remain

bones of contention between specialists (MacRit&0é&4; Van Vliet, 2008).

This makes it quite impossible to be sure whetherabove rationale is valid. On the basis of
this uncertain microstructure, we cannot infer whgiuten feature should be modified in order to
control its mechanical behavior. In-depth rheolagstudies of dough, starch-water mixture, gluten-
water mixture and gluten-glass beads-water mixatir@om temperature have shown that when gluten
is simply considered as a critical gel, it is pbksito account for the deformation behavior of giut
within the range of finite strain and strain ratec@untered during proofing and baking (Ng and
McKinley, 2008; Ng, et al., 2011; Ng, et al., 2006)

In the temperature range of baking




366 Beyond 60°C (Dobraszczyk and Morgenstern, 2003; ¢Vahal., 2017), the stiffening of the
367 gluten appears to be caused by a heat-inducedliokiisg of gluten proteins (Hoseney and Rogers,
368 1990; Millar, et al., 2004) driven by thiol oxidati, thiol/disulfide exchanges and hydrophobic
369 interactions (Gan, et al., 1995; Schofield, et 4883). In the range 62-75°C (Fig. 5b), protein
370 unfolding allows exposure of buried intra-molecuigsulfide bonds, which can exchange with others
371  forming new inter-chain disulfide bonds (Schofiedtlal., 1983). Half of the initial extensibility the
372 gluten is lost at about 65°C and a proportion ef dther half by the end of baking (90°C). Flour of
373  good baking quality displays earlier and steeperease in elasticity during heating e.g. Dronzetk an
374  Butaki (1977); Jeanjean, et al. (1980). Accordiodgstathopoulos, et al. (2006), high gliadin content
375 results in a steeper rise in gluten elasticity @®60°C whereas high glutenin polymer content erssure

376  high elasticity even below 60°C.

377

378 4.3. The hydrated gluten-starch matrix

379 At or close to ambient temperatures

380 High-speed centrifugation has indicated that deyedodoughs include three co-existing

381 phases (Larsson and Eliasson, 1996; Mac Ritchig§;19lauritzen and Stewar, 1966; Mauritzen and
382  Stewart, 1965). The first (Fig.6a, phase 1) is ligdrated gluten. The second (Fig.6a, phase 3) is
383  composed of swollen starch granules. The third.@gigphase 2) is a water phase which can be more
384 or less viscous and contains albumins, globulineutnal and charged polysaccharides, and
385  amphiphilic compounds such as fats (Gan, et aB5L%lectrical conductivity measurements have
386  shown that the water beyond 35% (wb) forms a cantim within the dough (Mac Ritchie, 1976). The
387 aqueous phase suspends starch granules and giutiee form of filaments or sheets (Eliasson and
388  Larsson, 1993) and is also believed to feed thaditamella that lines GCWs (Fig.6a). In fact, thes

389 only indirect evidence of the liquid lamella, thesh convincing being the high impact of minor,
390 surface-active components on loaf volume e.g. (Sarad MacRitchie, 2009). However, little is yet
391 known about its composition which is assumed to tihat of the dough liquor extracted by
392  ultracentrifugation by Courtin and Delcour (2002)daMills, et al. (2003). Water pools were also
393  observed in the protein network, as well as watgers surrounding starch granules (Fretzdorff|.et a
394 1982) (Fig. 7b,c); likewise, the existence of a if@hqueous phase has been evidenced by several
395  studies using Thermogravimetry (TGA) (Fessas aridr8ldi, 2001), and NMR (Kim and Cornillon,
396 2001; Kovrlija and Rondeau-Mouro, 2017).

397 The energy transferred to the system throomgking makes the formation of a 3D network
398 possible between the co-existing yet interpeneigaphases, even if this is very difficult from a

399 thermodynamic point of view because of the immititybof gluten and soluble starch (Tolstoguzov,
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1997). The continuity of the aqueous phase (seeeglb@ads us to believe that the interaction betwee
starch and gluten (Eliasson and Tjerneld, 1990leJek al., 2016) involves water trapped between
these phases in the form of Van der Waals/hydrdgmmds. However, the way starch and gluten
interact is still a matter of debate. In particulaow starch-gluten interactions through Van der
Waals/hydrogen bond types would affect mechanicapgrties when large strain is involved is not
very clear (Meerts, et al., 2017). The aqueous el@pped between the starch granules and gluten
makes it possible for gluten chains to slip andraklong the main shear direction. During mixing,
starch granules behave like ball bearing bodieyedg contributing to the reshaping of the gluten
domains which eventually form layers that envelo@ $tarch granules (Tolstoguzov, 1997). Indeed,
starch granules are too rigid to lose their shapeamixing step (Van Vliet, 2008). The gluten is
assumed to be greatly stretched between starchlgsawhen the proportion of gluten to starch is low
(Ahmed and Jones, 1990) and, consistent with thésv,v stiffer blends have been observed.
Interactions between starch and gluten are crémigiredicting the mechanical behavior of the ghute
starch matrix and further investigation is requitieat will build on the theoretical work carriedtday
Mohammed, et al. (2013).

The shearing that occurs during mixing is subsetlyiealayed by the biaxial extension in
GCWsduring proofing (Dobraszczyk and Morgenstern, 2003). At advantages of GCW thinning,

the gluten network will line the gas cell interfac least partially (Eliasson and Larsson, 1993;

Sandstedt, et al., 1954); also see Fig. 4c,f. énntieantime, the remaining pools of water (Fig. )7b,c
are likely to be expelled and spread across thargdisx interface, locally feeding the liquid larzel
The liquid lamella also stretches as the cell telaThe liquid lamella may be stabilized by lipasd

in such cases its stretching is governed by théssMarangoni mechanism. Deformation of a lamella
will cause local thinning and deplete the localfattant concentration. The amphiphilic/water
molecules will naturally migrate to the depletedaato reduce the concentration gradient, restdhieg
lamella to its original concentration. Proteinsoaftabilize the liquid lamella. By unfolding at the
interface and interacting strongly with each otlieey provide greater elastic properties to théaser

As a consequence, the mechanical properties oflitjued lamella will depend heavily on its
composition. In fact, both lipids and protein aileely to co-exist at the gas-lamella interface, the
mixture being notoriously unstable (Primo-Martihak, 2006). However, it is not known whether the
gas-cell interfacial film is first formed from gpld layer into which proteins may insert themselves
later, or vice versa (Eliasson and Larsson, 1998)s composition also plausibly changes at the
advanced stages of proofing where the distancedeetwwo interfaces increasingly narrows (Gan, et
al., 1995). Last, while the gluten is extended, ldrgest wheat starch granules orient themselves
within the protein veil in the direction of exteosj with their smaller dimension (5-15 pm) making u
the thickness of the GCW (Fig. 4 a versus b). Asdluten mass develops from 3D to 2D objects

(sheets or filaments), starch granules join togetinereasing their surface of contact (Eliassod an
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Larsson, 1993). The bimodal distribution in sizevbleat starch granules also helps them to be glosel
packed, increasing contact between the granulems@ein and Larsson, 1993). These authors
suggested that this positioning of the starch isfke the continuity of the aqueous granular phase

dough.

In the temperature range of baking

Upon heating the strain hardening index of the gluten-staretirixi gradually decreases. The
higher the baking performance of the flour used tloe preparation of dough, the higher the
temperature at which this decrease will occur (Rebczyk and Morgenstern, 2003); even in the case
of excellent baking performance, the GCW becorikedyl to rupture beyond 60°C (Dobraszczyk and
Morgenstern, 2003).

The descriptions of heat-induced modifications lmten and starch in Sections 4.1 and 4.2
also apply to the gluten-starch matrix. During lréaking, starch swelling remains low due to the
limited WC of the dough. Another limiting factor ike competition among dough components for
water, which is little documented —data on chematlentials are particularly scarce at different
temperatures, e.g. (Viollaz and Rovedo, 1999).itn5a, we assumed that the water trapped within
gluten is not available for starch gelatinizatiordbugh, and is only partially available once thden
has been denatured by heat (62-63°C and beyondlerlthese hypotheses, starch swelling during
baking would range between 1.36 and 1.57, deperatinthe dough’s initial WC. Values reported by
Schirmer, et al. (2014) — to our knowledge, theyastudy of starch swelling of individual starch
granules in a dough environment and with increademperature — was consistent with these
hypotheses, i.e. significant swelling was obserfvech 60°C, reaching a final swelling factor of 1.15
at 70°C (the maximal temperature tested in thislygtuAfter absorbing water and swelling upon
heating, the still quite rigid starch granules camnie closer contact with each other and the viggos
of the gluten-starch matrix increases, as has lobserved, at temperatures above approx. 60°C
(Bloksma and Nieman, 1978; Dreese, et al., 1988%. Matrix is said to stiffen. Then, as the glugen i
stretched further and temperature of about 70°@ashed, starch granules which have become soft
upon heating are also squeezed and become elongateed direction of GCW stretching; a slight
decrease in dough viscosity is then observed. We parformed a morphological analysis of starch
granules in crumb compared with starch granulethexttend of proofing on the basis of the images
provided by Hug-Iten, et al. (1999) and Sandstedgl. (1954). This analysis showed an increase in
starch granule width by a factor greater than apité 2.2) and a decrease in thickness by a fattor
0.6-0.9. In contradiction to the common opiniore tHongated shape of starch granules in crumb has
more to do with granules being flattened after they squeezed between the two gluten films upon
stretching, than with swelling. This flattening pess further increases the contact surface area

between neighboring granules. Last, the heat-irdlgcess-linking of gluten proteins also contributes
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to the stiffening of the matrix (Section 4.2) batmains difficult to separate from the contributiain

starch modifications which occur in the same terzijppge frame.
4.4,  Conclusion to this section

In the following, we adopted the GCW organizati@pidted by Eliasson and Larsson (1993)
at advanced stages of thinning, namely a core waadfistituted of close-packed starch granules
suspended in an aqueous solution (“agueous graphkse”), sandwiched between the continuous
films of hydrated gluten, behind the liquid lamellgig. 6 c). The occurrence of the latter is
conditioned to the water amount in the recipe dad the affinity of flour constituents for waterdchn
we will consider both options in Section 5. Thergiar phase is assumed to be rather continuous up
to the “one-layer” state (introduced in SectionfR)ther stretching beyond the “one-layer” statd wi
separate starch granules from each other, makipgaa@ gluten film in between (Fig. 6¢). The longer

sides of the wheat starch granules (A-type) amnted in the plane of the GCW.

The above suggests that the changes in the cdlswadchanical properties as a result of the
hydrothermal reactivity of starch and protein ao®nty documented. The hydrothermal reactivity of
starch and gluten has also been little studietiénconditions of baking, in restricted amount ofexa
or large deformations. Given this overall lack ablwledge, the biochemical/mechanical transitions in
the GCW were assumed for the discussion of theurapin Section 5; these assumptions are
summarized below. We are aware that our choiceargugable, but we believe that this disputability
precisely will foster further investigation in tleeareas. This together with the variability of pdjes

made possible in reconstituted flours made us densiifferent timings of transition in Section 5.6.

Starch granules do not swell much (1.36-1.57 attmasd late during the dough baking
process because of low amount of water and itgiloigion between the GCW phases. Swelling
proceeds most probably in the GCW stretching dwmacfor the largest, lenticular wheat starch
granules. Rheological measurements on dough tagetitt morphological analysis applied to
microscopic observations of GCWs suggested thaattarch granules soften during baking despite
of the low amount of water available in dough. 7G%&s retained as the transition temperature for
granule softening in wheat bread dough. The legcbfrgranule material is completely neglected in
the literature because of the low level of hydratisowever the stickiness of starch granules nght
a property crucial for explaining some unexpectedults obtained with some specific starches
involved in the dough recipe (see Section 5). uledat-induced denaturation, gluten is hypothesized
to lose half of the initial extensibility at abo®®b°C and a proportion of the other half by the ehd
baking (90°C).

If hydration of each constituent is recognized sseatial in the mastering of dough aeration,

we dispose of little information on the exact disition of this water during baking, which will g&
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the mechanical properties of the phases, direatlindirectly (through the hydrothermal reactivity
mentioned above). The plausible feeding of theididamella with water expulsed by the gluten under
extension has been discarded and its persistenite sthrch granules swell during baking has not
been questioned. This is an additional reasondosidering the liquid lamella as optional in Settio
5. We considered in the above subsections that gemtule has the same environment, which is
doubtful (Jekle, et al., 2016). Because the dynamideating are faster than those of water mignati
the above picture is complicated by spatial hetemegies. These will be discussed again at theoénd

Section 5.

Since starch occupies most of the volume of thegdpwe will take the view in Section 5 that
dough structure sets mostly as the result of stgethtinization upon heating and that the gluten
mainly controls the extent of gas cell inflationtla¢ early stages of baking while starch granutes a
considered to act simply as a granular charge.dféw ratio of the hydrated gluten will much depend
on the distribution in molecular weight of its congive protein, glutenin and gliadin, but also the
way the hydrated network is formed at the mixingpstGiven the controversy about starch-gluten
interactions, and the lack of data in the bakingdions, the hypothesis of low interaction, allogi
the slippage of gluten on the starch granules, e retained in the following; this hypothesis

minimized speculations.

5. Mechanisms governing thinning and opening of gasell walls during

baking

The spatial organization of the GCW, mechanicalditéons due to biochemical reactions and
mode of interactions between GCW phases given cti@de4 are used for the discussion of the

rupture below.

5.1. Revisiting and completing characterization othese mechanisms for the thinnest

gas cell walls

The driving force for the deformation of the GCWtle gas pressure resulting from the
equilibration between the gas intake within gasdscahd the mechanical resistance and/or tensional
forces that issue from the bi-extension of the GRApture of the GCW will begin at the spot where
the stress concentrates until it exceeds the wikbs. Before, stress increases with strain rade a
increase of strain within the GCW. As strain isagest in the middle of the GCW, the triggeringlé t

rupture might occur very close to that point.
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The formation of significant pressure differencedween gas cells during baking is very
unlikely. Where surface tension is relevant, pressliffers up to 3 kPa between adjoining gas a#lls
widely differing sizes. This estimate of gas presswas calculated for cells of 50pum and 1mm in
diameter using Laplace’s law and assuming a sutésion of 0.04 N.th(Kokelaar and Prins, 1995;
Van Vliet, et al., 1992). This is of the order ofhgnmitude of about 1 to 30% of the modulus of
elasticity of dough. The GCW may bend slightly bedw the two gas cells. The contribution of
surface forces is expected to decrease during pakinthe cell size increases. Further, pressure
measurements during baking have shown no relevifierashce in pressure (a few kPa at most)
between the core of the dough and the region dim$ke crust (Baker and Mize, 1939; Grenier, Le
Ray, et al., 2010; Mj et al., 2016; Singh and Bhattacharya, 2005; S@mrat al., 2005).

In the following, we adopted the alternative vidvatt rupture is initiated by excessive GCW
bi-extension and thinning. In Section 2 and 3, @ that thinning has already reached a great degree
at the end of proofing, and that part of the gdls egas already connected. In Section 5, we assumed
that most of the gas cells are still sealed ab#wnning of baking so that gas cannot transfen fome
cell to another according to Darcy’s law (Secti@and 3). Most GCWs are still thick (Fig. 3 b). At
various locations within the dough (< 0.5 % of dmugh volume, see Section 2), GCW thickness
approximates the size of the smallest starch gean{@ection 2, Fig. 4 including both cases ¢ and e)
Mechanisms favoring or postponing the rupture afséh GCWs are described below for each

constitutive phase defined in Section 4.

5.2.  Thinning of a “thick” GCW down to the size ofstarch granules

Although the mechanical behavior of molten metaid &read dough differ (the former is
purely viscous and the latter visco-elastic), ih de@ inferred from studies on metal foam (Korner,
2008) that solid particles such as starch grarfirgsact as a stabilizing filler in the GCWs urttiley
reach the one-layer state as depicted in Fig. be.ohe-layer state refers to a wall composed of onl
one single particle layer (also see Section 3). aelogical behavior of the dough depends on the
relative proportions of gluten and starch (Jekteale 2016). In the bakery industry, the additmin
gluten is a common practice to improve baking pentnce. There is also a particular proportion of
small to large starch granules (75/25 kg/kg) thanloines the greatest loaf volume with optimal
crumb grain (Lelievre, et al., 1987; Roman, et2018; Soulaka and Morrison, 1985). The underlying
mechanical interactions between the two phases theathere is an optimal surface area for stasch t
be exposed to gluten. Beyond this optimum, theilgtabf the dough decreases with the increase in
the proportion of small starch granules (Park].e2805). It is worth noting that these major titerlo
not account for a number of contradictory resulttamed on bread as reported in the literatures&he

contradictory results might result from the facttthe proportion of small to large granules afect



570
571
572
573

574

575

576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596

597
598
599
600
601
602
603
604

other starch properties (for instance the hydratiapacity of starch) that are also involved in the
stabilization/destabilization of GCWs during bakifdnese effects were not thoroughly characterized
and disentangled in these previous studies. Theasehsproperties will be further described in the

following subsection.

5.3. Rupture of gluten in mechanical interaction th solid particles

Where the thickness of the GCW becomes less tlethitkness of the largest solid particles
(starch granules, bran inclusions etc.), streshargluten increases to a greater extent thanritiae
surrounding area: solid particles act as stressardrators (Bloksma, 1990; Van Vliet, et al., 1992)
The rupture of the gluten film happens at the splmére stress is the greatest, most probably at the
edge of the starch granule (Fig. 6b (c,d)). Sthairdening in the gluten film acts as a stabiliZ@ctor
against rupture for as long as gluten is still liikéo feed the region where tensional stress has
increased; this stabilizing phenomenon works weik the strain-hardening factor (as defined by
VanVliet and co-workers) remains greater than 2bf@ezczyk, 2017; Turbin-Orger, et al., 2015; Van
Vliet, 2008). The gluten then quickly thins downafvVliet, et al., 1992) and ruptures (Fig. 6b (a,b)
Note that some authors found that gluten exhitstesin softening at low strain rates €16") relevant
to baking (Ng and McKinley, 2008). Once the gluters ruptured, a hole is created in place of the
GCW, allowing connection between adjoining gassceti crumb, Stokes and Donald (2000) noticed
the existence of gluten strings devoid of starciingtes across some of these holes (Fig 6b (b,c)).
These strings may counteract the increase in #eeddithe holes. In holes devoid of strings, thieio
slowly become round in shape (Fig. 6b (B-C-D)) aat@ that mainly depends on the viscosity of the
dough, as evidenced in the case of metal foamsn@<p2008). Image sequences taken during dough
proofing have shown that the movement of the GC\Wsuis on a time scale of the order of several
tens of minutes where dough viscosity is low (Balghal., 2006) (Fig. 8). From the hole shapes
observed in crumb by Stokes and Donald (2000)arit lze inferred that the holes had time to widen
before the dough stiffened upon heating and henaethey formed well before the end of starch

gelatinization and protein denaturation (Sectian 4)

Wheat starch granules in the middle of the glutemewassumed to remain stiff up to about
70°C (Section 4.1.) and the pattern of stress guragon within the gluten described above applies
up to this temperature. When heated towards 7@&@;rsgranules also swell (Section 4.1). Given that
the swelling predominantly follows the gluten fisndirection of tension (Section 4.1), the thickness
of the GCW is little modified. We take the view thdespite the disappearance of the extra-granular
aqueous solution, there is little friction betwestarch granules and gluten because of their
immiscibility and because the gluten slips on thdaxe of the swollen starch granule. For all these

reasons, the shear stress within gluten mightbtbe greatly affected by starch swelling.
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When the temperature reaches 62-63°C the gluteinddg stiffen and its ability to be
stretched progressively decreases upon furtheinigeé$ection 4.2). From the onset of this gluten
stiffening, an already greatly stretched and se@sgluten film will possibly break, even without
further stretching. The stress might increase ntioa@ the yield stress. This rupture without further
stretching could even be greater if the heat-indubenaturation of gluten and water loss from the
gluten were to be accompanied by shrinkage, bubwed nothing in the literature to substantiate.thi

Again, such a rupture would look like cracks lodaadong the rims of the solid particles.

5.4.  The liquid lamellae may provide an additionaldelay in the complete opening of
the GCWs

Relative to the mechanical strength of the glutetwork, the contribution of the liquid
lamella to GCW integrity has been shown to be gdgk or low (Van Vliet, 2008). However, once
the gluten film has broken, at prolonged provinges or early baking, the liquid lamella may patch
the hole left by gluten withdrawal (Fig. 6¢) and as a gas barrier (Gan, et al., 1995; Sroan and
MacRitchie, 2009), keeping cells closed. Then,hes GCW extends, the surface tension within the
liquid lamella is not sufficient to sustain theastg increase in stress and the liquid lamella mastu
The mechanical resistance of the liquid lamellhigghly dependent on its composition (Section 4.3),
which has not yet been totally elucidated and filésible that it evolves during baking. The ruptu
of the liquid lamella is much more sudden than tifathe gluten film (previous sub-section), due to
the sudden release of stored surface energy. Evére ibroken edges of the gluten film have not
completely relaxed at that time, the holes beinga@aoed within the GCW will grow faster from this

point, resulting in a much bigger and rounder {blg. 6¢).

Simultaneously with the further extension of the\V@@Qpon heating, starch granules begin to
absorb any additional water available in their emwinent, not only from the extra-granular aqueous
phase but also, it seems likely, from the liquichédlae. This process starts quite early in thergki
process, from 45-53°C and is soon limited by thewm of water available (Section 4.1, Fig. 5a). The
liquid lamella will thin after water has been sugkeom it and, where it is acting as a patch totaion
an emerging hole in the GCW (Fig. 10c), this wilba the GCW to open. For this reason, the liquid
lamella is not believed to persist long once stagehatinization has started. Consistently with this
overall view, loaf volume decreased linearly wititreasing water absorption in reconstituted flours
(with equal gluten levels and water solubility, kith different starch origins) measured at 20°@ (F
9). Surprisingly, with some exceptions, e.g. Patlal. (2005), GCW destabilization by starch thioug

the process of water redistribution is neglectethaliterature.
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5.5.  Starch granules act sequentially to destabikzthen stabilize the gas cell wall, the

tipping point being granule softening upon starch glatinization

Starch granules start by destabilizing the GCW het tne-layer state, either by stress
concentration in gluten films under extension ferlang as these particles remain more rigid than
gluten, or by sorption of water leading to the dig@arance of the liquid lamellae. These modes of
action have been described in the above sub-sectibrhas been highlighted in Section 4 that
transition temperatures for granule softening amdewsorption by starch granules in the complex
environment of dough remain ill-defined and werade not available to past studies seeking to
compare the effects of different starches on brballing performances. Indeed, the use of
gelatinization endotherm or pasting temperaturahase past studies may not have been appropriate
to describe softening and sorption dynamics argrtiay explain the failure to pinpoint the effects o

starch.

As starch granules soften, stress is no longereasurated in the gluten but is redistributed
across the entire section of the GCW including tiatupied by starch granules. Assuming that the
gluten still remains slightly extensible at thaméi, both starch and gluten thin down and the tl@skn
critical to rupture is attained much later in thekimg process (Fig. 10d as compared to Fig. 10a).
Before being dispersed in the well-extended gl@iten starch granules are packed together forming a
continuous granular suspension phase trapped itis#ed&CW. For certain starches, granule swelling
and flattening combined with amylose/amylopectimkbge, even if the latter is confined to the very
granule surface, will increase the cohesivenesslandiscosity of the GCW (Section 4.3). It is wort

underlying that at these baking stages, the graphlase may act for the GCW stabilization.

Wheat starch granules probably keep their stiffneds late in the heating process (Section
4.1), limiting the above-mentioned effects of diahtion on GCWs to advanced stages of baking.
Their leaching levels are also lower compared bemwstarches. By contrast, some starches with a low
amylose fraction (tapioca starch, used in recartstit flours or waxy wheat flours) can soften arsglo
their integrity early in the heating process (Fi§d). The early increase in viscosity of GCWs does
not appear to be detrimental to the extension ®fGIEWSs, which proceeds in a normal way during
baking (Kusunose, et al., 1999). And, consisteti #ie increased cohesiveness in the granular phase
and its positive impact on the GCW stabilizatioopgwsed above, greater loaf expansion has even
been reported where the proportion of such starmreained low (Blake, et al., 2015; Kusunose, et
al., 1999) (Fig. 1). However, where the proporti®too high, individual loaf volumes will decrease.
The stabilization effect is so efficient that rugtuof GCWs becomes rare. Within predominantly
sealed gas cells, pressure drop occurs at theewerpf baking (since air cannot enter a closeccghs
and compensate for the amount of carbon dioxide géheapes by diffusion through the GCW) and

after baking (because of temperature decreasejingptne loaves to contract and explaining the towe
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individual loaf volumes. Wheat starch can perfoike these particular starches when it is attacked b
enzymes, being able to sorb more water and, plgussoften earlier during baking. It appears

however that the cohesiveness between wheat gjesolles after enzymatic attack is not sufficiently
increased to impede the rupture of GCWs since asa@ loaf volumes have often been reported
(Sandstedt, 1961).

5.6. Effects of relative timing of the softening oktarch granules and the loss of gluten

stretchability on final alveolar structure

Fig. 10 presents different hypothetical scenarib$S8W opening which might happen at
different temperatures depending on the occurrehtlee mechanisms involved in stress increase and
thinning of GCWSs. The different mechanisms desdibe previous sub-sections occur over finite
ranges of temperature (defined in Section 4) whighnot well-characterized and vary between wheat
genotypes, crop conditions and, even more widedyyéen starches from different botanical origins
(found in reconstituted flours). The temperatumegeafor heat-induced denaturation of gluten has bee
assumed to be 62-75°C but lower values can be fausdme reports (Fig. 5b), the origin of such
variability being unclear. The temperature of dtagtanule softening in wheat has been assumed to be
70°C, but could also occur at lower temperaturedoughs prepared with reconstituted flours

containing other starches (see scenario in Figvé€sus Fig. 10d).

If the temperature associated with the maximalitgthilf the gluten to stretch is much lower
than that associated with the softening of starahgles, stress stores within the gluten untidtches
the yield stress without ever taking advantagénefdoftening of the starch granules (Section Sdl., F
10b). Gas cells coalesce repeatedly, and gas estmfiee loaf outside, leading to a coarse crunab an
a non-expanded loaf. This is typical of dough madta flour of poor breadmaking performance. In
such a configuration, liquid lamellae play a crucide in postponing the opening of the GCWs (Fig.
10c compared to Fig. 10a or b) until the starcmaadly absorbs the liquid lamellae. In this rdlee
liquid lamellae both bridge the gaps where theegidtims have broken and reinforce the mechanical

strength of the thin GCW before gluten rupture.

By contrast, if the temperature associated withstbfeening of starch granules is much lower
than that of the gluten’s maximal ability to stigtthe stress stored within the gluten relaxes and
redistributes early throughout the GCW which tetalgqualize in thickness (Section 5.1). It delays
rupture and is favorable to cell inflation (Sect®Ad); indeed rupture may never happen as evoked in
Section 5.5 and depicted in Fig. 10d.

The ideal configuration is when the softening @frcth granules occurs just before the gluten

reaches its maximum ability to stretch (Fig. 1dd)e gluten partly relaxes and becomes less lilely t
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rupture. Upon further stretching the stress in@samain and eventually reaches the yield stress at
some locations. Most importantly, most gas cellsrowhen the structure has stiffened sufficiently to
support its own weight in the still-thick GCWs ato® the GCW that has just ruptured. Collapse is
minimal. Nor does a sufficiently open structurdlo$ type shrink under the contraction of gasesupo
cooling. This configuration is ideal because botflapse and shrinkage are avoided, or at least

minimized.

5.7.  Opening mechanisms also depend on the positiohthe GCW in the loaf

Mechanisms of GCW opening have been discussee actie of thin GCWSs. The mechanical
behavior of gluten, starch and dough lamellae veenesidered separately and in interaction. The
mechanical property of each phase is variable dubeking and different scenarios of time-course
change were envisaged. Up to this point, the viitialof these mechanisms and mechanical

properties across the dough has not been discussed.

Importantly, the mechanical properties of each ghalso greatly depend on their water
content and temperature. The water content of @dase during baking greatly depends on the
availability of water to feed the phases. Waterilabdity depends on local temperature but also on
gradient in temperature throughout the dough ad walvariability in the local proportion or

arrangement of hydrocolloids.

First, flour components that are present in lowpprtions (a few %) but that strongly affect
water redistribution such as damaged starch ornravgylans may not be present in all GCWs at the
final stages of thinning. Likewise, the enclosufestarch granules by a gluten barrier (Jekle, et al
2016) has a high impact on the amount of waterlavai to the granule and, again, this barrier may

vary from one granule to another.

Second, there may be differences in the redistabudf water between the core and peripheral
layers of dough. In deck and convective ovens, &ratpre first increases in the outer layers. With t
increase in temperature and the subsequent inciaapartial water vapor pressure, the evapo-
condensation-diffusion (ECD) phenomenon feeds tieec core of the dough with water while some
water is withdrawn from the outer layers (Uretaalet2019). It is possible that ECD feeds thermdé
lining water of gas cells located in the loaf cofe influence of ECD on the formation of liquid
lamellae has never been studied. The transport atervwapor to the core is greater in regions
containing many open pores than in those with predantly sealed pores. In the latter case, the
diffusion of condensed water through the GCWs sldawn the overall transport of water vapor to
the core; diffusion of liquid water being sloweathdiffusion of water vapor. These different rdtes

water transport to the core will lead to local ations in water content and water availability. de
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spatial variations in water content and temperatuite undoubtedly lead to differences in starch
softening, gelatinization, amylose leaching, meatanproperties, stress, and strain softening or
hardening. Similarly, because of the drying procesthin the crust, GCWs stiffen before gas
formation has had a chance to inflate gas cellsifyaet al., 2009) and opening of GCWSs does not
happen at the same rate and for the same sizesafalla as in the loaf’'s core. Permeability may be

lower in the crust than it is in the loaf core {@eon, et al., 2007; Zhang, et al., 2005).

All this means that the mechanisms by which a gi8&W opens may be very different from
those of its neighbors and that several of the iengisms described in the above subsections may co-
occur in different locations during baking, makim@stery of dough inflation and GCW opening a

delicate matter, as cereal engineers and chenaigsesdiscovered in the past decades.

6. Conclusion

This paper has described the mechanisms leadiggstaell wall rupture during bread baking.

It takes into account the contributions of the efiéint phases that make up the GCW: hydrated gluten,
granular aqueous phase, liquid lamella. FollowirenGet al. (1995), we believe that the different
phases, including the agueous granular phase, plaje in stabilizing the GCW and could even
substitute for each other if the duration of thaative involvement during baking were adjusted.
Focusing our vision on the GCW scale, we highlightiee complexity and interdependency of the
mechanisms controlling GCW opening; this complewss enlarged to the scale of dough at the end
of our analysis. By bringing together all phasesspnt, their interactions and their spatial valitgbi

the overview provided a better understanding ofrdasons for the difficulties encountered by cereal

engineers and chemists in mastering dough infladi@r the past decades.

The micromechanical approach has been very ligleeldped for agrifoods. It has so far been
applied only to stable materials, as opposed tortbeeactive ones such as dough during baking. Yet
ongoing advances in micro-imaging and computationakiphysics are now making it possible to
model the deformation of a dough wall as a multgghand reactive process, and to provide
experimental validation at the same scale. Micrdraaial approaches in other domains of

application could also benefit research on breadjdo

The present paper showed that there is little datalable on the mechanical properties of
starch granules and hydrated gluten in the dougir@mment, at temperatures, gaseous environment
and strain rates relevant to bread baking. SingildHe nature of the interaction between starch and
gluten is still being debated in the literaturerehehe impact of baking on the interplay betwdersée
two dough phases as they undergo rapid physicochémihanges is also totally disregarded. This

topic would benefit from theoretical approaches drain experimental approaches focused on
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interfacial design (Jekle, et al., 2016). Last, #patial organisation of the GCW, as well as its
reorganisation in response to the redistributionvater following starch gelatinisation, also requir
more investigation. Combined microscopy and NMR payvide relevant information in this respect.
Acquisition of new insights on these topics is regetb supply the micromechanical models proposed
above. In their absence, the processes of GCW wogeliring baking will remain very hard to fathom
and, when dealing with the setting of crumb striest@ur ignorance must be acknowledged. In this
context, the present review does not pretend &r @ffdefinitive account, but to provide a mechamist
vision of a more systemic nature that has yet totdsted, completed and corrected by further

investigation.
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Fig. 1. Images of loaves after cooling. Top row: doughsppred by Hayakawa, et al. (2004) using
different proportions of normal and waxy wheat faul00-0 (A), 50-50 (E), 0-100 (F). Bottom row:

doughs prepared by Kusunose, et al. (1999) witbn&tituted flours using wheat (W-S, W-G) or

tapioca (T-S, T-G) starch; side views (W-S, T-S)whhe greater gas retention of the “tapioca” loaf
while the cross section in T-G shows the resulthefcontraction of sealed gas cells during cogling
suggesting low levels of pore opening during baking
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Fig. 2. Distribution of the gas fraction in a finished daaf calculated by the baking model described
in (Nicolas, et al., 2016) for different pore-opegitemperatures: 47, 52, 57, 62, 67°C (left totjigh
Dough stiffening begins at ~65°C. Color bar ihahgas/m of crumb.
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the signal of the
GCW is close to
that of the image
background,
suggesting that all
these cells
(outlined in
yellow) are
connected and
form in a larger
pore

tiny bubbles
trapped in
cell walls
separating larger
cells

Fig. 3. Probability density function of a) gas cell diasreand b) gas cell wall thickness at the
different steps of breadmaking obtained from a dtatipn of literature data (Babin, et al., 2006).
These distributions are depicted in c) for crumbgiges, et al., 2013). Voids in the gas cell wallewe
assumed to exist where signal intensity was cloghdt of the image background; given the spatial
resolution of this image obtained by X-ray ptomgima (22um), very thin cell walls might not be
visible (known as the partial volume effect).
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Fig. 4. Observations of gas cell walls using a light mso@pe. Dark-colored proteins were previously
stained with Cotton £Blue, leaving the starch granule section white(iStedt, et al., 1954): a)
freshly mixed dough, with non-oriented starch gtasub) and c) cell walls in dough of various
thicknesses at the end of proofing (b—50 um, c—BX@um, varying locally according to the size of
the starch granule embedded in the gluten filmf) dell walls in bread crumb, of various thickness
ranging from d) about 50 pum down to e) and f) 1Q+2@ Magnification x400 for all except d) and e)
(x200) and f) (x380).
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Fig. 5. Biochemical changes in flour components studigdussgely or in dough during heating: a) SP
in wheat starch granules, expressed in kg of hgdrgtanules per kg of dry starch granules, plated

a function of temperature for different amountsaghilable water; b) loss in gluten solubility as a
function of temperature (compilation of literatutata). *data converted from*m? to g/g assuming
that the thickness of the lenticular granules doatschange during swelling, and densities of water
and original starch at 40°C of 998 and 1358 kyrespectively; **calculation for a flour containing
12% gluten and 70% starch (dry basis) and glutehstarch hydration levels in the dough (before
baking) of 1.80 and 0.43 g of water per g of dnttararespectively.
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Fig. 6. a) Schematic GCW showing the spatial arrangem&uibngh components (250 um thick); b) cross-
section (A) of a GCW without liquid lamella and (B, and D) evolving cross-section of a rupturing\&,C
along with what can be seen from the correspontbimger-case letters (a, b, ¢). The image of the dermp
structure of holes with strings crossing them wastared by (Gan, et al., 1990); c) cross-sectioa GICW with
liquid lamella. The water already lining the GCWdaany water that may be expelled from the glutetrima
reinforce the wall until it ruptures. Starch grasihydrate during baking; the darker the blue ntbee hydrated
the starch granule. The hole left after the seqopture (that of the liquid lamella) is roundersinape than that
observed when no liquid lamella is present. Thendololes visible in the right-hand image (Gan,|gt1®90)
had previously contained water that had been saltdichat the sample-preparation steps preceding SEM.



Fig. 7. Transmission el ectron microscopy images of bread dough constituents taken from a) Shewry,
et a. (1995) and b), ¢) Fretzdorff, et a. (1982). Y = yeast; SSG = small starch granule; LSG = large
starch granule; CW = fragment of cell wall from awheat seed; GC = gas cdll; (W) water pool in the

protein phase (P).



Fig. 8. Cross sections of dough during proofing (Babin, et a., 2006): a 80 min, b) 90 min, ¢) 110 min;
NB under the conditions of this study, the minimum value in mean GCW thickness (and hence the
onset of coalescence) occurred at 80 min of proofing.
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Fig. 9. Loaf volume as a function of the water absorptidrthe different gluten-starch blends at
ambient temperature; adaptation of uncollated datend in a) Hoseney, et al. (1971) and b)
D’appolonia, et al. (1971).



|| =SL=00o—aD>
le———— el

Loss of gluten extensibility

—— Water sorption by starch granules

Fig. 10. Gas cell opening involving dough lamellae in the case of a) consistent dough and b) non-
consistent dough where the gluten film ruptures early in the growth bubbles, without or with liquid
lamella (a) and c) respectively), or d) isimpeded by merging starch as a cohesive core formsin the gas
cell wall. For the liquid lamella the scale has not been respected since it would not be visible in the
figure. For the same reason the chosen void size is among the smallest voids observable in bread
crumb.



Highlights

Gas cdl wall (GCW) rupture in bread dough during baking results from multiple physics.
Changes in dough phase interactions modify GCW rupture mechanisms.

The scale of dough constituents lacks knowledge of mechanical properties.

Each GCW phase plays arolein the GCW stabilization.

Therole of starch is antagonistic, first destabilizing GCWs and then stabilizing them.



