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Effect of Flour Minor Components on Bubble Growth in Bread
Dough during Proofing Assessed by Magnetic Resonance
Imaging
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Fermentation of dough made from standard flour for French breadmaking was followed by nuclear
magnetic resonance imaging at 9.4 T. The growth of bubbles (size > 117 um) was observed for
dough density between 0.8 and 0.22 g cm~3. Cellular structure was assessed by digital image analysis,
leading to the definition of fineness and rate of bubble growth. Influence of composition was studied
through fractionation by extraction of soluble fractions (6% db), by defatting (<1% db) and by
puroindolines (Pin) addition (<0.1%). Addition of the soluble fraction increased the dough specific
volume and bubble growth rate but decreased fineness, whereas defatting and Pin addition only
increased fineness. The role of molecular components of each fraction could be related to dough
elongational properties. A final comparison with baking results confirmed that the crumb cellular
structure was largely defined after fermentation.

KEYWORDS: Dough; fermentation; bubble; magnetic resonance imaging; image analysis; flour minor
components

INTRODUCTION air nuclei because of an increase of gas generated by the

Bread recipes vary among countries but are always based orleavening agent (yeast). However, bubble growth or redistribu-
a mixture of wheat flour with water. Wheat flour presents the tion includes many other phenomena such as disproportionation
ability, when mixed with water, to develop a viscoelastic matrix and coalescence, which require further insight because they also
able to retain gas produced during fermentation (baker’s yeast)significantly affect the creation of the cellular structud. (
or beginning of baking (chemical leavenerd).(The final Studies of dough by microscopy mainly address its structure
product presents an open gas cell structure, directly responsibleand gluten network or the way it entraps starch granules but
for a large number of quality features, i.e., visual and mechanical scarcely air bubbles (for instance, see réfs9). Moreover,
aspects of crumb. The crumb structure is as important as thedynamic observations of dough bubble growth are challenged
crumb appearance and directly influences loaf volume, resil- py the intrinsic practical difficulty to handle a fragile object
ience, and texture in the moutl2)( The way the main  and visualize expansion. Alternative techniques have been
components influence dough expansion and its rheological developed for such products such as magnetic resonance
properties during fermentation and process to form a cellular imaging (MRI). Widely used for medical diagnosis, this

structure has been largely studied. Basically, the formation ,,ndestructive technique is able to depict the internal structure
depends on the optimum development of the gluten proteins ¢ materials, with the image signal being sensitive to both the
network into a cohesive dough mass, encapsulating Starchdensity and mobility of protonslQ). Applications of MRI to

granu!es_ and qther filler materials or components and aif nuclei food science are numerous, mostly based on the characterization
(3). Air is an important component, naturally present in the of the state of water1(, 12), to determine composition,

native flour, and it is included during mixing,(5). Air fraction . . .
0 . structure, and quality of food (such as fruit, cheese, or oil
Zasr,]ir:nepﬁirsiisceg'i[cligrfaoozfofcﬁrg;:igido?l:ﬁg %;?nes?:udcgreml(ﬁ%é d droplets in emulsion) and assess processing (mass transfer,
baking, freezing, and thawing). Recently, Ishida et (aB)

as cells in viscoelastic matrix) is the result of an expansion of . i .
g ) P showed that MRI was suitable for a 3D analysis of crumb grain
*To whom correspondence should be addressed. Telephone: 33(0)-Structure of baked breads. With a voxel, i.e., volume spatial

249675000. Fax: 33(0)240675167. E-mail: dellaval@nantes.inra.fr. resolution, of 100« 100 x 100#m3 and after dough enrichment

Moulins Soufflet. . .

* INRA—Biopolymers, Interactions, and Assemblages. with paramagnetic reagents, they observed that baked breads
8 INRA—Stuctures Tissulaires et Interactions Moléculaires. made from fresh dough had a more uniform distribution of pores
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Table 1. Biochemical Composition of Fractions (g of Component/100 g of Fraction, db)

starch proteins lipids pentosans LMW sugars Pin ash
CNS native flour 80 105 1.6 16 2.6 0.104 0.556
def CNS defatted flour 0.62
F1 insoluble fraction nd? 9.9 1.61 11 nd 0.079 nd
F2 soluble fraction nd 19.2 0.48 6.9 17.9 0.044 nd

and = not determined (data from ref 16).

than frozen dough. The same group traced the fermentationChopin alveograph measurements gave W and P/L values of 194J and
process of dough using dynamic MRIQ), using a decreased 0.56, respectively. Baker's yeast was freshly compreSsegharomyces
spatial resolution (20& 200 x 1000um?) to improve the time cerevisae(33% water, wb) provided by DSM bakery ingredients (Roissy
resolution (5 min). Assuming that the dough matrix was like 91, France).

gluten fibrils, they related their observations to the effect of ~ Defatting native flour CNS and water fractionation (based on
mechanical input history on the development of the gluten centrlfqgatlon) into soluble and msoluble fractlons were carried out
network. Even if the interpretation of crumb cellular structure 2¢¢0rding fo procedures detailed in . Native flour CNS, defatted

. . . . flour (def CNS), soluble fraction (F2), insoluble fraction (F1), and
differences is not straightforward, this study demonstrates the addition of puroindolines (Pin) to flour, defatted or natd.1% on

high potential of MRI for a dynamic follow-up of gas bubbles et fiour basis), were used to prepare doughs. Their composition is
during fermentation. Takano et al. (14) further combined these given in Table 1. F1, which represents 94% of dry flour was mainly
static and dynamic approaches to assess the quality of breadsomposed of starch and gluten, whereas the largest part of water-soluble
obtained from frozen dough using freeze-tolerant yeast. Using proteins (albumins), pentosans, and LMW sugars was recovered in F2
image analysis techniques for the quantification of MRI results, (6% dry basis).

van Duynhoven et al.16) determined apparent gas cell Before use, exact moisture contents were checked by drying during
distribution in dough during proofing and how it was influenced 2 h at 130 °C. Flour, initial or fractionated (100), distilled water (63%
by molding deformation and proofing temperature. These works on flour wet basis), salt NaCl (2.2% wb), and yeast (2.5% wb) were
have underlined the potentiality of these techniques for a betterMixed to form a dough in a 400 g Chopin alveograph mixer (one

understanding of structural changes occurring during bread- fotating paddie). Mixing time was 2 min at 40 rpm followed by 10
making 9 9 9 9 min at 80 rpm. Salt was added 5 min before the end of mixing. At the

. . I end of mixing, a sample of dough-8 g) was immediately but gently
By fractionating and reconstituting flour for French bread- put into a lab tub® x L, 15 x 90 mm) and inserted in the NMR

making and using digital image analysis, we recently studied prope. Timet, necessary between the end of mixing and tub insertion
the influence of the soluble fraction, which contain low- was less than 5 min. Dough expansion because of yeast fermentation
molecular-weight (LMW) sugars, soluble proteins (globulins and during MRI measurements (2 h at 3G) was assessed by measuring
albumins), and pentosans, on the loaf specific volume and the mass and initial and final heights of dough in the MRI tub to
texture fineness, defined as the fraction of gas cells for which evaluate the variation of density (g c#.
the diameter is less than 1 m6). Puroindoline addition and Magnetic Resonance MicroimagingMeasuremgnts_ of images were
lipid removal were also tested, because of their effects on breadcarried out at 27°C on an Avance DRX400 microimaging system
has also been studied under large deformation by shear an .4 T magnet and an actively shielded gradient coil allowing high spatial
biextensional tests, which suggested that the soluble fraction"©S0ution MRI, according to the procedure detailed in 18 A

. . - . o compromise between spatial resolution (SR) and temporal resolution
played a lubricant role in dough, leading to higher specific loaf

: . - was defined, with any increase of SR not to be impaired by the blur
volumes and coarser texturE7j. Meanwhile, puroindolines and  jyqced by the motion of dough gas cells during image acquisition.

lipids were found to not affect significantly dough rheological The acquisition time was adjusted to 8 min and 40 s for an image of
properties nor loaf volume while modifying texture. Because a single slice positioned 13 mm from the bottom of the lab tub. About
both baking and proofing can affect the loaf volume and crumb 15 images of fermenting dough were obtained. Spin—echo sequence
texture, those results show the necessity to improve knowledgewith a nonselective refocusing pulse was chosen for producing images
on how the texture forms, i.e., how bubbles grow and how of dough with a reasonable signal-to-noise ratio (~10). This technique

coalescence and disproportionation take place during fermenta-allowed us to compensate local magnetic field perturbations near the
tion, a purpose for which MRI seems well-suited. interfaces, because of the susceptibility difference between dough water

. . L and gas filling the cells. The other acquisition parameters were repetition
Thbersgl’re' in this WOJk'.thefeffeCI fft.dough e o o0 time (TR) = 500 ms, echo time (TEY 4.2 ms, field of view (FOV)
gas bubble expansion during lrermentation was studied by * =15 x 15 mn?, and matrix size (MA)= 128 x 64 pixels extrapolated

The experimental procedure has already been built up to offer, 125« 128 pixels. The final spatial resolution was then 34217

the best compromise between time and spatial resolutions, andx 500 ums.

digital image ar)a|y3|5 and morpholqglf:al treatments were  pigital Image Analysis. The digital images were divided into pixels
adapted to quantify the MRI results§). Similar flour composi- (in our case, 128« 128 pixels) of which individuals took a value
tions and fractions as those previously studied were used tobetween 0 (black) and 255 (white). Analysis was performed according
generate different behaviors and ascertain the role of specificto the procedure detailed in r&® for bread crumb, which was also

compounds. shown to be well-suited for MRI results obtained for dough fermenting
(18), and its principle is described below. It relies on the use of
MATERIALS AND METHODS mathematical morphology proposed to characterize visual texture in

relation to particle sizel@). The method is based on gray level erosion
Sample Preparation.The procedure and the basic recipe of dough and dilation and was preferred to the extraction of cells, which required
are part of the procedure for French breadmaking. The flour was a a subjective selection threshold for segmentation. The transformations
standard commercial mixture from Moulins Soufflet (Nogent, 10- were applied by moving the structuring element (SE), in our study, a
France), named Corde Noire Speciale (CNS). It contained 10.5% square of size {2+ 1) pixels with a reference pixel at the center, with
proteins (dry basis), 13.8% water (wet basis), and 0.56% ash (db), andn being the step of the transformation, varying from 1 to 10.
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i.e., dough matrix, made of starch granules suspended in a gluten
network, whereas dark areas (weak signal) indicate the presence
of bubbles of CQ. The first image of CNS dough, taken at
approximately 25 min after the end of mixing shows a very
homogeneous dough texture with small gas cells. Although
61 min voxel volume (117x 117 x 500 um?3) is not high enough to
estimate the size of air nuclei, all dark spots may be assimilated
to numerous gas cells. When the size of the image (1228
pixels) and the tub diameter (15 mm) are taken into account,
this observation suggests that the number of bubbles, the size
of which is larger than 11zm, cannot exceed 8 107 per unit

79 min 97 min 115 min 133 min area (n2). As shown onFigure 1, the sum of gray levels
Figure 1. Dynamic follow up of CNS dough during fermentation. Scale: decreases; i.e., gas cell size increases rapidly with fermentation
tub diameter, 1.5 cm; image, 128 x 128 pixels. time and becomes really detectable after 52 min. After 1 h, the

following images show a dramatic overall increase of dark areas,
corresponding to the expansion of gas cells because of CO
In the case of erosion, the reference pixel is given the minimum produced by yeast. During fermentation, air bubbles can be

value met by the SE. The effect is to decrease the size of white objectsdetected for proofing time 1 h. The increase of their size leads
larger than the size of the square considered and to remove those objectgy 5 coarser and less homogeneous cellular distribution than at
for r’hictkr'] at least ?Tﬁ dimenTion lis less tlhanh(Q D Ipixe|s'fEtrh°Si9” the beginning. The larger gas cells correspond to former small
makes the sum of the gray level, namely, the volume of the image, : : . : : .
decrease. Dilation is thegdu%al operation: v)\//hite objects are dilated, gnd cells, which expanded by merging with their neighbors, if we

dark ones decrease or are removed, according to their size. In this case","SSl“'me that no new gas nuclei are generated after mixing and

the sum of the gray level increases. Successively increasing the size oSUPSequent operations: expansion during fermentation is due
the SE makes it possible to study the evolution of the sum of the gray t0 bubble growth, whatever the mechanism, merging or gas
level. A curve can be drawn according to the dilation and erosion steps, production (3). At the end of fermentation, after 133 min, cells
i.e., the size of the structuring element. By derivation of the variations of size up to 3 mm may be observed, whereas more than 10
of the sum of the gray level according to the transformation step, a cells larger than 1 mm can roughly be counted by unit area
curve characteristic of the initial image, also named granulometric curve, (cn¥), i.e., 1¢ m~2. Despite the large area of gas cells, the dough
can be obtained. After normalization according to the initial sum of matrix is still continuous, although highly deformed. Overall
gray levels, the resulting curve gives information concemning the size yeformation of cells may be due to reciprocal gas cells stretching
distribution of the white and dark objects in the image. In our case, as much as the limitation by tub dimensions. Similar to merging
white objects corresponded to the dough matrix walls and dark objects . '
corresponded to the gas cells or bubbles. phenomenon, bubble defOI_rmat|on dep(_ands Iargely_on dough
rheological and, more precisely, extensional properties.

Closing treatment consists of combining the two operations; i.e., . . ; )
dilation is immediately followed by an erosion step of the same size. ~ Density and Cell Size Changes during FermentationAfter

Dark objects smaller than the structuring element are removed, and@bout 15-30 min of proofing, dough density, estimated from
larger ones keep their size. Applying closings of increasing size acts dough height in the lab tub &, is close to 0.7 0.03 g cn?,
as an image sieving of dark objects. The increase of image volume except for F1 (insoluble fractios starch+ gluten), for which
measures the gray level fraction of dark objects that have disappearedthe density is 0.84 g cnd, showing that less air nuclei have
Closing curves can be interpreted as particle size distributions, with heen entrapped during mixing or bubbles have grown less in
the size being related to the area of dark objects. An index, called this case Table 2). After fermentation, CNS dough density
fineness, was d_efined_ as the gray level fraction, calpulatgd forrstep decreases, by a factor of 2.6, i.e., from 06826 g cnr3,
a—nj'V‘V);Sd;‘g';e%b{;g‘jl;-G(“i*G?aS cells or bubbles, having sizemm, 5. ing to the variation of dough height in the lab tubyat

: 2 h. All doughs undergo a similar density decrease by a factor

Gray levels were first normalized to remove shading over the image. . )
Shading was estimated by applying a dilation of size 10, after a median ranging from 2.6 (CNS) to 3.3 (def CN$ 0.1% Pin). These

filtering. The gray levels were set for ranging between 0 and 255 levels, Values underline the ability of dough to retain gas during
by dividing images by the dilated ones. fermentation. _ _ _

Calculation of the sum of gray levels of the image (SGL) was done ~ From the density of gas-free dough, the void volumic fraction
for each image and was plotted against the transformation step. Thegy is calculated by
decrease of SGL (tend to 0) reflects the apparition and expansion of
dark objects, i.e., connex set of dark voxels. After normalization for oy=1—p/ (1)

- o on o v Pid/ Pd

all doughs, taking the first image as a reference, the variations of

SGLcan also be represented as a function of time to reflect the evolution .
of gas fraction in dough. When the value 1.22 g cm is selected forpg, from a

Software was developed within the Aphelion V3.1e (ADCIS SA classical additive rule, a void volumic fraction in the range of

Herouville 76-France) and Matlab V6.5 (MathWorks, Sevres 92-France) 0-31—0.46, at tir_neto and in the range of 0.750.8 after _
programming environment. proofing, are obtained for the doughs of the composition studied

Repetition of the experiments for standard dough (CNS) did not lead here. Just at the beginning of proofing, gas cell size ranges from
to a significant difference between the variations of the image volume. 10 to 100um (3, 9), for a void volumic fractionpy ~ 0.4, in
our case. Surfacic void fraction, i.e., by unit area, can be

estimated by
RESULTS AND DISCUSSION

Follow-Up of Fermentation of CNS Dough. Figure 1shows ¢s= 084, 2
the follow-up of fermentation for CNS dough during ap-
proximately 2 h at 27C. The image signal reveals white to using a 2D— 3D conversion procedure suggested by Zghal et
light gray areas (strong signal), indicating the presence of water, al. (20).
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Table 2. Main Results from Dough and Bread at Three Different Stages of the Process: Beginning of Fermentation (&), End of Fermentation (f +
2h), and after the Baking Stage?

fo (b+2h) b after baking®
dough density (% d1) ARBG density (% d1) 78 (0.1s7Y) density (% d1)

composition (gem=3) (%) (103 min~Y) (gem=3) (%) (103 Pa's) (gem=3) (%)
CNS 0.68 51 47 0.26 27 329 0.24 38
def CNS 0.70 50 4.8 0.27 26 31.8 0.24 53
F1 0.84 49 37 0.31 42 162 0.38 58
F1+F2 0.73 49 47 0.24 31 53.1 0.27 41
F1+2F2 0.68 46 54 0.22 21 30.5 0.22 33
CNS +0.1% Pin 0.66 50 4.7 0.27 34 32.2 0.28 44
def CNS +0.1% Pin 0.72 4.4 0.22 37 29.6 0.25 58

2 Results available from preceding work (16). ® Dough biextensional viscosity data are available from preceding work (17).

When this size range and our observations are taken into Dough t ,+ 1h to+ 2h
account and assuming that bubbles have a spherical shape, a |composition
value of 50um can be selected for the average diamdteof
bubbles in dough at tim®. By definition CNS

¢CS = (ﬂdmzl 4) NcS (3)

with Ncs being the number of cells by unit area or surfacic
gas cell density. Combining egs 2 and 3 leads to a value of 2.2
x 10° m=2 for the surfacic gas cell density of dough after
mixing. This value is close to the one,x310° m~2, found by
Shimiya and Nakamur&(), from optical microscopy measure-
ments. Following the same rationale for the end of fermentation
with 1 mm as an average value of size cell from MRI Fl
observations and a void volumic fractiggy = 0.8 leads to a
surfacic gas cell density value of © 10° m~2. This value is
about 10 times larger than the rough evaluation made before
from MRI images. Although these figures are just rough
estimations, this discrepancy questions the hypothesis of F1+E2
sphericity of bubbles that may have deformed under stretching,
as suggested by the images. Moreover, it underlines the need
of digital image analysis for ascertaining the evaluation of the
main features of the cellular structure and not only using MRI
as a descriptive tool.

Def CNS

F1+2F2
Comparison of Doughs from Different Composition. As

expected, density after fermentation was found larger for the

dough made with only insoluble fraction, namely, F1. Lower

values (0.22) were obtained for doughs to which twice the

content of soluble fraction (F2) is added, namely, (F2F2), CNS+H0.1%

and defatted one to which 0.1% Pin is added, noted def CNS Pin

+ 0.1% Pin [able 2). These results are in agreement with those

obtained for baking experiments made with the same composi-

tions (16). Def
MRI observations during fermentation are represented by | CNS*0.1%

images at three different times, before gray level normalization, i

at the beginning and the end of fermentation and al¢g-atl

h, toillustrate the changes of the dough cellular structtigufe Figure 2. Comparison of dough texture from raw images obtained for

2). Atto, the textures of all doughs are very similar. Texture is jerent compositions for different times of fermentation (left to right): f,
very homogeneous with small gas cells, in which the diameter tb+1h and f, +2 h.

is under image resolution (i.esx117 um). After 1 h of

fermentation, individual small round gas cells are visible and coalescence, both phenomena leading to merging, and internal
even large ones (1 mm) in case of (F12F2) dough. For (def = gas pressure increase because ob @f@duction, rather than

+ 0.1% Pin) dough, more cells may be seen thatg. dfter 2 the creation of other nuclei (3).

h of fermentation, a difference in textures clearly appears. Gas Variations of shapes and discontinuity show why cell
bubbles are deformed and can hardly be assimilated to spheresextraction is not easy for digital image analysis and justifies
There are rather polyhedral and some discontinuities of the the use of morphological treatment (erosion/dilation) in this case.
matrix appear, particularly for F# 2F2 dough. The trend  Curves obtained by this method are showirigure 3 for the
previously observed for CNS can be extended to the doughs ofthree times ¢, to + 1 h, andt, + 2 h). A general trend of the
other composition: the increase of surfacic fraction occupied curves shows an increase of thinner cell walls with time and a
by dark cells is due to bubble growth by disproportionation and concomitant reduction of walls of larger size, because the peak
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Figure 3. Granulometric curves from erosion (cell walls)/dilation (gas cells) treatment of digital images of different doughs for different fermentation
times: (lower to upper peak) &, & + 1 h, and &, + 2 h.

becomes narrower on the right part (erosion). In every case,evolution of gas cell size: a smaller cell fraction decreases, and
the three curves cross over for erosion steps between 2 and 3a larger cell fraction increases, as shown by peak spreading on
which corresponds to a cell-wall thickness in the range 0f580 the left part (dilation). The curves cross over around a threshold
800 um. The fraction of cell walls within this interval varies value of dilation step 3, i.e., size of 820n, for 15-20% of

between 10 and 25%. An opposite trend is observed for the cells. When we look more carefully, some differences appear
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Figure 4. Closing treatment on MRI images of fermenting CNS dough: y
surfacic fraction of gas cells as a function of the cell size for different b "

fermentation times. From black to white filler: &, +30 min, +60 min, +90 1
min, and +120 min.

on these curves and their evolution with fermentation time
according to dough composition. The largest decrease of thicker
cell walls >1 mm,n > 4) is obtained for (F+ 2F2) and (def
CNS+ 0.1% Pin) doughs. The largest increase of cell fraction
of larger size (31 mm,n > 4) is obtained for (F4 2F2) dough o5
and also initial CNS dough and def CNS to a lesser extent.
Although these curves bring information on cell-wall thickness, 04
discrimination between doughs behavior would require further g3 : ; : ; , ; : ;
treatment, for instance, by principal component analysis to L A L
classify these images, which is not within the scope of the _ - ) 'me(mm)_ .
present study. Compostions. Staiht ines feare the fnear s (¢ > 09), The mirs
caﬁobnev Torrseesl)é’nttzz rgzugsd?;tlr?;)igt]i((a)s n(;h{sslﬁfgsc/ig '?f;ggé;e%tfmgzn; value of the slopes define ARBG (apparent rate Ef bubble growth, min~1).
cells as a function of gas cell size (equivalent diameter) and its (8) CNS (a), F1 (), F10+ F.Z (), FL +2F2 () do;Jghs_. (b) CNS (2),
variations with time, like inFigure 4 for CNS dough. It shows def CNS (T), CNS +0.1% Pin (a), def CNS + 0.1% Pin (®).
a continuous redistribution of size cells from the interval [0, 1
mm] to [1, 2 mm]. The ratio of fraction [0, 1 mm] & to its of bubble growth in the tub. For all doughs, variations of SGL
value atto + 2 h (=5Y,7) is the inverse of the one obtained in  with proofing time follow a linear trend, and a good fi¢ (>
the case of fraction [1, 2 mm] (%ss). In the meantime, the  0.9) is obtained in every case (Figure 5). The opposite value
fractions for larger size do not change significantly, within of the slope of these straight lines reflect the average rate of
absolute experimental error range, i£5%, and remain close  bubble growth within dough matrix, noted ARBG, and its values
to 13 and 2% for [2, 3 mm] and [3, 15 mm] intervals, are reported ifTable 2. In contrast to fineness, a lower value
respectively. Only dough FH# 2F2 exhibited a significant  is obtained for F1 (ARBG= 3.7 x 10-3 min~1) and larger value
change from [0, 1 mm] fraction to fractions of size larger than is obtained for FH- 2F2 (5.4x 10-3 min~1). These values are
2 mm, as suggested before by direct MRI observatidfiguire of the same order of magnitude as those encountered during
2. Except for this case, all doughs reported a change of thefermentation £10~4 s™) for dough strain rate defined byR/
values of fractions [0, 1 mm] and [1, 2 mm] reported fpand dR/dt, withR being the average radius of the bubkig. (
to + 2 h (Table 2). This is the reason that the fraction of gas Relationships with Flour Composition, Dough Rheology,
cells of size lower than 1 mm is chosen as the texture indicator and Breadmaking Performances.Among bread quality cri-
of fineness, noted (% d1). Moreover, 1 mm is close to the value teria, the loaf volume, directly related to density, is the factor
of the size of the structuring element for step 3, the threshold most looked for characterization, whereas crumb texture is
value observed on erosion/dilation curvegre 3). The value certainly as significant for the consumer. Crumb fineness (%
of (% d1) is close to 0.5 for all doughs at the beginning of d1) may assess this criterion, and the images obtained by MRI
proofing, but significant variations are obtained according to allow us to measure this variable after fermentation. When
dough composition, afte h of proofing. Larger (% d1) values, = comparing density and fineness results obtained after fermenta-
0.42 and 0.37, i.e., thinner texture, were obtained for F1 and tion to those obtained for these variables after baking, taken
def + 0.1% Pin doughs, respectively, whereas coarser doughfrom a preceding work1(6) and reported iTable 2, only fair
texture, i.e., less fine bubbles, is obtained for-+F2F2 dough correlations (f = 0.6) are obtainedrigure 6 shows that when
(0.21). These results are qualitatively in agreement with those examining the variations of the loaf fineness (% d1) with % d1
found by van Duynhoven et all§), but values found for sizes  measured at the end of fermentation, the correlation would be
and fractions cannot be compared straightforwardly because theconsiderably improved if data from defatted dough (def CNS)
dough recipe was different. was not taken into account. Although the specific role of lipids
Image analysis also allows us to calculate SGL after is discussed further along, the discrepancies between results
normalization, taking the first image as a reference for all obtained after fermentation and after baking might be due to
doughs. Its evolution represents the increase of the dark areahe fact that bubble growth in the MRI tub was likely favored
occupied by gas cells and can be used to evaluate the kineticdn the axial direction and reduced in the radial one. These
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Figure 6. Fineness (% d1) of dough at the end of fermentation versus Figure 7. Variations of fineness (% d1) of dough after fermentation with
fineness (% d1) of the loaf after baking (see values in Table 2). The SHI measured by the biextensional test (symbols are the same as defined
straight line is a linear fit. Closed circles stand for the reconstituted dough in Figure 6).

from fractions F1 and F2, whereas open circles represent the composition

with CNS, defatted or with Pin added. increases, in agreement with the limiting role of the viscosity

of the matrix on bubble growth, when superficial tension
properties are discarded (for instance, se&f Conversely,
experimental limitations might result in modified bulk density dough fineness (% d1) is well-correlated to Sk € 0.77,
and cellular structure, if compared to dough expanding freely Figure 7). This result is in agreement with the suggestion made
in a proofing oven. Despite these uncertainties, these resultsby van Vliet et al. (26) to consider strain hardening as a
suggest that, after mixing, fermentation is the essential step ofrequirement for gas retention and thus cell stabilization. The
the baking process for promoting cellular structure of the crumb. correlations found above show that the rheological properties
This result is in agreement with the conclusion made by van of the dough do not take into account the influence of the minor
Duyhoven et al. 15) stating that “the gas cell distribution of components on fermentation in the same way and suggest that
the proofed dough is preserved in the crumb structure of the we discuss them separately.
bread”. The major contribution of the baking step, apart from  When soluble fraction (F2) is increased from 0 to 2, ARBG
crust creating, which is important chiefly in French breadmak- increases by a factor of 1.5 and fineness decreases by 2: the
ing, would thus be to stabilize and fix this structure, by the faster the growth of bubbles, the coarser the cellular distribution
dough/crumb transitiorj. It is all the more significant because, (Table 2 andFigure 7). These trends confirm the hypotheses
in the latter study 15), differences of cellular structure were suggested for the influence of the soluble fraction. F2 contains
obtained by changing processing variables, deformation, andLMW sugars (Table 1) that increase the capacity of yeast to
proofing temperature, whereas, in our case, only dough com-produce gas and act as a lubricant on the dough matrix made
position was changed, while keeping the process unchangedof starch granules suspended in the gluten network: the ability
The knowledge of the behavior of dough during fermentation of dough to deform for a given strain rate is increased with
allows us to improve the link between the composition of flour increasing soluble fraction content. Conversely, when increasing
and its performance in breadmaking. F2, strain hardening is reduced, allowing the break up of dough
A considerable effort has been made to build-up relationships cell walls: coalescence takes place and leads to an heteroge-
between flour composition, mainly proteins content and distri- neous texture with larger gas cells, in agreement with the
bution, and baking quality. These studies have focused on linearmechanism suggested by van Vliet et a26). Increased
viscoelastic properties, to better understand the role of gluten production of dissolved COin dough matrix, when F2 is
composition, as illustrated by Lee and Mulvan@g). Deter- increased, might also lead to acidification of the medium and
mination of dough rheological properties in large deformations decrease of elasticity and viscosity, because of partial degrada-
has been considered as a possible complementary app&3ch (  tion of the gluten network, as suggested by Clarke et2al).(
For doughs from different wheat flour varieties, Sliwinski et However, this hypothesis may be discarded to explain the direct
al. (24) found that the strain-hardening index (SHI), i.e., the relation of ARBG and % d1 with these properties, when only
extent of stress increase with the strain exerted during uniaxial F2 is modified, because SHI and biextensional viscosity have
extension tests, and the elongational flow index were well- been measured on unleavened dough, i.e., free of dissolved CO
correlated to loaf volumes{r~ 0.9), at least for puff pastries.  (17). The drop of ultrasonic velocity measured during dough
In a recent study (17), we found that the dough ability to flow, fermenting, found by Elmehdi et al28), could therefore be
defined by the inverse of the biextensional viscosgjtyat a more because of the expanding gas cells rather than the decrease
given strain rate (0.1 in this case), was correlated to loaf of dough matrix elasticity. Finally, the influence of LMW sugars
volume, whereas a good correlation was obtained betweenwould dominate one or the other soluble components, albumins
crumb fineness and SHI, obtained by biextensional measure-and pentosans, known to contribute to the stabilization of gas
ments. Therefore, it is relevant to examine the influence of thesecells by their foaming properties (29).
rheological properties on the results of the analysis of dough Meanwhile, defatting or Pin addition increases fineness after
magnetic resonance images during proofing. Biextensional fermentation and SHI, by a factor of 1.5, without significantly
viscosity was not found to vary much when the lipids/Pin ratio changing dough density after fermentatier0(254- 0.2 g cnt3)
was changed in dough composition from its value in the initial or the apparent rate of bubble growth, which value remains close
flour, CNS; therefore, only a fair correlation was found when to 4.6 x 1073 (£0.2 x 10°3) min~! (Table 2 and Figure 7).
comparing this variable to ARBG. HoweveFable 2 shows The effect of Pin addition on bread texture has already been
that values of ARBG decrease when biextensional viscosity described by Dubreil et al. (30), and it was confirmed by the
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results of our preceding worKL6). Increasing the amount of

Pin increases the stability of gas cells and reduces coalescence,

which results in an homogeneous texture of the dough with small
gas cells; this effect is enhanced when lipids, mainly nonpolar
ones, are removed. This effect might be explained by the
foaming properties of Pin based on an increase of surface tension
of the liquid film of the dough, which separates bubbl28,(
31). The use of confocal scanning laser microscopy (CSLM)
has allowed us to localize wheat lipids and Pin in dough, which
gives another insight on their functional properties. According
to Dubreil et al. 9), Pin is mainly located in the matrix, bending
with lipids, whereas, using CSLM, Li et al32) have found
that polar lipids are located also around bubbles. In defatted
flour, Pin is preferentially located around the gas bubbles, taking
the space from where lipids were removed, and increases the
surface tension. These preferential locations may explain why,
in this case, dough fineness is not directly explained only by
extensional properties. These interpretations are based on
experimental studies on mixed dough and do not take into
account the possible effect of these surface-active components
on the very first stage of proofing, including nucleation and
Ostwald ripening.

Observation of bubbles at such a scale is an issue for
increasing the resolution of magnetic resonance imaging,
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(4) Shimiya, Y.; Yano, T. Diffusion-controlled shrinkage and growth
of an air bubble entrained in water and in wheat flour particles.
Agri. Biol. Chem.1987,51, 1935—1940.

(5) Campbell, G. M.; Rielly, C. D.; Fryer, P. J.; Sadd P. A. The
measurement of bubble size distributions in an opaque food fluid.
Food Bioprod. Processl991,69, 67-76.

(6) Whitworth, M.; Alava, J. M. The imaging and measurement of
bubbles in bread doughs. Bubbles in FoodCampbell, G. M.,
Webb, C., Pandiell, S. S., Niranjan, K., Eds.) Eagan Press: St
Paul, MN, 1999; pp 221—231.

(7) Gan, Z.; Angold, R. E.; Williams, M. R.; Ellis, P. R.; Vaughan,
J. G.; Galliard, T. The microstructure and gas retention of bread
dough.J. Cereal Sci1990,12, 15-24.

(8) Amend, T.; Belitz, H. D. Microstructural studies of gluten and
a hypothesis on dough formatioRood Struct.1991,10, 277—
288.

(9) Dubrell, L.; Biswas, S. C.; Marion, D. Localization of puro-
indoline-a and lipids in bread dough using confocal scanning
laser microscopyd. Agric. Food Chem2002,50, 6078—6085.

(10) Takano, H.; Ishida, N.; Koizumi, M.; Kano, H. Imaging of the
fermentation process of bread dough and the grain structure of
baked breads by magnetic resonance imagingood Sci2002
67, 244—250.

(11) Schmidt, S. J.; Sun, X.; Litchfield, J. B. Applications of magnetic
resonance imaging in food scienderit. Rev. Food Sci. Nut.
1996, 36, 357—385.

because this technique has appeared particularly relevant to study(12) Foucat, L.; Martinie B.; Renou, J.-P. Méthodes de localisation

the expansion of gas cells in flour dough during proofing. The
size of bubbles larger than 12@n could be determined, which
provided an order of magnitude of the density of bubbles
(number/unit area) and confirmed those obtained with other
microscope techniques. Moreover, main features of dough
cellular structure could be evaluated in terms of gas cell size
and distribution, using digital image analysis, which underlined
the significance of fineness. Overall, kinetics could be assessed
by the definition of an apparent rate of bubble growth. The effect
of soluble fraction, lipids, and puroindolines on these variables
could be determined by the use of fractionated and enriched
flour, which confirmed the trends observed after baking. Indeed,
wheat flour soluble fraction increases bubble size and growth
rate and decreases fineness, with both effects being explained
when considering extensional properties of dough. Conversely,
lipids and puroindolines did not affect expansion and its rate
but modified texture by increasing fineness of the cellular
structure, in a complex way that did not imply only bulk
rheological properties but also superficial tension, because of
the localization and interactions of these components at the
dough matrix/bubble interface. These results confirm that texture
is governed by dough composition and largely set after
fermentation, but the effect of those fractions on structural
modifications during baking and mechanical properties (texture)
of dough needs further investigation.
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