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Water Redistribution and Structural Changes of
Starch During Storage of a Gluten-free Bread

The objective of the present work was to analyze molecular and supramolecular
changes of bread starch and to relate bread firmness increase during storage with
starch recrystallization and water hydration levels and migration in gluten-free bread.
At the studied conditions starch was in the supercooled region of the state diagram, at
a temperature between Tg (glass transition temperature) and Tm (melting temperature),
feasible to crystallize. The crystalline degree during storage was followed by the
intensity increase in the X-ray diffraction peaks. During bread storage, water migration
occurred from the crumb towards the crust. Water amount and redistribution affected
the kind of starch crystallites formed and firmness of aged bread. It was not the total
amount of crystalline fraction that determined bread firmness, but the type of crystal-
lites formed. These observations are a further evidence that bread firmness develop-
ment and starch recrystallization, although being related phenomena, are obviously
separate events.
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1 Introduction

Aging of starch-based products leads to the loss of ade-
quate quality characteristics due to changes in texture
and flavor. Although it has been studied for more than a
century and a half, bread staling is still not fully under-
stood and it is responsible for economic losses both for
the baking industry and for the consumer.

Bread is an unstable, elastic, solid foam, the solid part of
which contains a continuous phase composed of an
elastic network of cross-linked gluten molecules and lea-
ched starch polymer molecules, primarily amylose (com-
plexed or not with polar lipid molecules), and a dis-
continuous phase of entrapped, partially gelatinized,
swollen, deformed starch granules [1] .

Starch, being present in a higher proportion than gluten,
plays an important role in forming the matrix during bread
cooking and promotes aging upon its storage. However,
structural stability of bread is significantly controlled by
gluten (part of the continuous phase) [2]. Gluten-free
breads elaborated with different starches age very fast [3].
Extensive information on bread staling has been obtained
by X-ray diffraction analysis of starch, which provides
information about the crystalline structure. Immediately
after baking, the starch in bread has an amorphous
structure, but the crystalline pattern is slowly recovered

during storage; this transition is called retrogradation.
Native starches may show an “A” or “B” diffraction pat-
tern, according to their origin. However, once they are
gelatinized, they all develop a “B”-type diffraction pattern
during aging [4]. The diffraction pattern is also dependent
on the amount of water present. Samples with water
content higher than 43% developed “B”-type patterns
and those of a water content lower than 29% developed
“A”-type patterns. An estimation of the relative amounts
of crystalline and amorphous phases may also be
obtained by analyzing simultaneously the peaks corre-
sponding to the crystalline phase and the background
produced by the amorphous phase [5].

The high viscosity of the gel formed upon heating and
cooling plays an important role restricting the molecular
mobility of starch polymers, delaying their reordering and
thus affecting the kinetics of starch retrogradation [6]. The
viscosity of these systems depends on the difference be-
tween the temperature of the system and the glass tran-
sition temperature, Tg [7]. The glass temperature of baked
products is a function of the composition of the system
(mainly gluten and starch) and is highly modified by the
amount of water and small solutes [8]. The thermal transi-
tions occurring during cooking of breads and their storage
have profound influence on structural characteristics [9].

Though the changes in firmness of starch-based prod-
ucts have been extensively studied, the mechanisms of
such changes have not been fully defined. It is known,
however, that the mobility of water plays an important role
[10].
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The objective of the present work was to analyze molec-
ular, microscopic and supramolecular changes of bread
starch in gluten-free bread and to relate firmness increase
during storage with starch recrystallization and water
hydration levels and migration.

2 Materials and Methods

2.1 Bread making

Raw materials used were: corn starch [14.4% water,
0.20% protein; onset of gelatinization temperature (Tgelo)
range: 68–747C] from Industrias de Maíz S.A., Buenos
Aires, Argentina; cassava starch [14.3% water, 0.08%
protein, Tgelo range: 60–677C] from Cooperativa Agrícola
Industrial San Alberto Ltda., Misiones, Argentina; rice
flour [13.7% water, 6.0% protein, Tgelo range: 68–757C]
from Atilio Betella y Cía, Santa Fe, Argentina. Protein
content was calculated as% nitrogen65.7. An oleo-
margarine (OPTIMA, from Molinos Río de la Plata S.A.,
Buenos Aires, Argentina) with melting point 367C, was
used. The premix, containing gum, sucrose, and salt, was
developed by Instituto de Tecnologia de Alimentos-
Facultad de Ingenieria Quimica-Universidad Nacional del
Litoral, Santa Fe, Argentina (in patent process).

Bread was made according to the baking test for bread
without gluten proposed by Sánchez et al. [12]. Solid
ingredients (corn starch, 315 g; rice flour, 90 g; cassava
starch, 45 g; fat, 45 g; premix, 46.5 g; yeast, 45 g) were
mixed. Water was then added at different proportions
(Tab. 1) and the formulations A, B, C or D obtained were
mixed at 400 rpm for 1 min and 600 rpm for 2 min. A
General Electric mixer with two stainless steel whisks at
400 and 600 rpm was employed.

A sample of the resulting batter (250 g) was placed in a
greased bread pan and proofed at 277C and 80% humid-
ity, controlling the rising with a push-meter (a rise from 15
to 30 mm for 25 g of batter). The proofing box allowed
temperature and humidity control and was from DALVO,

Ojalvo S.A., Santa Fe, Argentina. The apparatus used for
proofing control was a push-meter consisting of a glass
cylinder (75 mm height, 45 mm i. d.) with a tight-fitting
plastic piston, that rises during proofing.

Bread was then baked at 2107C for 40 min without steam.
The oven (DALVO, Ojalvo S.A., Santa Fe, Argentina) had
electrical heating and temperature control up to 3007C.

After baking, each loaf of bread was packed in a sealed
polyethylene bag with the crust intact and stored at 307C.
Three replicates from each different loaf were used for
each experiment.

2.2 Measurement of batter consistency

Batter consistency was measured as softness at the end
of mixing using a SETA cone penetrometer (Stanhope-
Seta Limited, Surrey, England). fitted with a flat-nosed
cone (greater diameter: 3.2 cm; smaller diameter: 1.1 cm;
length: 2.5 cm; weight: 55.0 g). Displacement in the batter
was measured at 3 s (range 0–400 units, equivalent to 0–
40 mm penetration).The measurement range was 0–400
penetration units (P. U.). Higher penetration units indicate
increased batter softness.

2.3 Volume measurement and bread scoring

Breads were evaluated 1 h after baking. Loaf volume was
determined on three replicates from each different loaf by
rapeseed displacement. Sensory analysis of bread (bread
score) was done by an expert panel of three, each of
whom had more than 20 years baking experience. Sam-
ples were served as slices at the same time. Each expert
scored each sample once. As recommended by Pyler
[11], parameters evaluated and maximum scores were:
specific volume, 15 (regarding to 5 mL/g); crust, 15 (color
and thickness); texture, 15 (elasticity, stickiness); crumb
color, 10 (cream white as better); crumb grain, 10 (alveo-
lus size and shape); aroma, 15 (fresh bread like); and
taste, 20 (flavor and mouth feeling) [12].

Tab. 1. Composition of batters.

Formu-
lation

Water
added
[mL] (1)

Corn starch 1

rice flour 1
cassava
starch [g] (2)

Water
added
[%]
(1) / (2)

Weight of all
solid
components*
*[g] (3)

Percentage of corn starch
1 rice flour 1 cassava
starch related to batter
(2) / (3)

A 270 450 60 586.5 52.6
B 315 450 70 586.5 50.0
C 450 450 100 586.5 43.5
D 675 450 150 586.5 35.7

*Components in column (2) 1 45 g fat 1 46.5 g premix1 45 g yeast.
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2.4 Water content and water activity of breads

Ten millimeters of crust were removed over the whole loaf
surface in order to separate crumb. Water contents of
crust and bread crumb were determined using a two-step
method (AACC 48–18, 1983). Water content and water
activity (aw) of bread crumb were measured 1 h after bak-
ing, when the crumb temperature had decreased to 287C.
Water activity was determined by an Aqua lab model CX3
(Decagon Devices, Pullman, Washington).

2.5 Thermal transitions

Thermal transitions of the different bread crumbs were
determined by differential scanning calorimetry (DSC)
using a Mettler 822 system with TC 15 TA processor, DSC
30 measuring cell, and STAR Thermal Analysis System
version 3.1 software (Mettler Toledo AG, Greifensee,
Switzerland).

The instrument was calibrated using zinc, lead and indium
as standards. All measurements were made at a scanning
rate of 57C/min using hermetically sealed aluminum pans
of 40 mL capacity. Duplicate samples of the crumbs after
one day of storage were scanned from at least 407C
below to at least 407C above the glass transition temper-
ature. An immediate rescan was run for each sample to
verify the endothermic baseline shift associated with the
glass transition. The temperature of the change in heat
capacity was considered as the glass transition temper-
ature (Tg). The samples were then scanned up to 1207C to
detect the temperature of the melting peak (Tm) due to
starch retrogradation. An empty aluminum pan was used
as a reference.

2.6 X-Ray diffractometry

X-ray diffraction patterns of the starches and rice flour,
before and after baking were obtained with a Shimadzu
DX – 1 diffractometer equipped with a monochromator,
that selects the Ka radiation from a copper target gener-
ated under 30 kV and 40 mA. Patterns were recorded from
diffraction angles (2Y) of 5–307 at a scan speed of 0.57/
min. The X-ray diffraction patterns of the starches and
rice flour before baking were measured at their corre-
sponding moisture content.

Crumb was dried in a convection-forced air oven at 357C
to 12 – 14% of water content (similar to that of the native
starches). The drying temperature was selected in order
to avoid annealing effects [13, 14]. The dried crumb sam-
ples were milled in a laboratory mill and passed through a
100 mesh sieve.

The crystallinity of each peak, mainly at 17 and 207, was
measured as follows: the whole diffractogram was care-
fully cut out and then cut again to isolate the two areas.
The upper sections were weighed and the areas were
calculated by comparison of their weight of known areas
prepared using the same paper [15].

2.7 Crumb texture

The firmness of bread crumb was measured according to
Baik and Chinachoti [16] using a universal testing machine
(Shimadzu). The bread crumb (25625625 mm) was uni-
axially compressed from 25 to 20 mm in height to meas-
ure force at 20% deformation. The diameter of the cylin-
drical plunger was 100 mm and the cross-head speed
was 10 mm/min.

3 Results and Discussion

Tab. 2 shows the results of batter consistency, specific
volume measurements and bread score of breads pre-
pared with the different formulations. Fig. 1 shows their
visual aspect. When baked with 60% water (formulation
A), the specific volume of the bread was low because the
batter had a high viscosity, offering a high resistance to
bubble expansion during fermentation. When the amount
of water added was increased to 70% (formulation B), the
batter consistency decreased and the specific volume
increased. However, the specific volume and bread score
decreased for formulations C and D, with more (100%
and 150%) water added. When the water amount that the
hydrocolloids could absorb was surpassed [17, 18], the
excess water promoted a dramatic decrease of viscosity
and an increase in the batter consistency. The matrix was
not capable of retaining the gas formed during fermenta-
tion and alveolar collapse occurred, as shown in Fig. 1.

Tab. 2. Batter consistency, bread volume and bread
score.

Formulation
A B C D

Batter consistency [P.U. ] 105 200 260 360
Specific volume [mL/g] 4.19 4.84 3.32 1.78
Bread score (max. 100) 81 93 68 30

Water activity, moisture content and the temperatures of
the thermal transitions of the crumbs 1 h after baking are
shown in Fig. 2. The water content and water activity of
the bread crumb increased with increasing water content
of the original batter. However, the effects of water con-
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Fig. 1. Breads obtained with 60, 70,
100 and 150% of water added
respect to corn starch 1 rice flour 1
cassava starch.

tent of the batter were not sensitively reflected on the
corresponding glass transition and melting temperature
values of the loaves (Fig. 2). The obtained Tg values agree
with those reported by Le Meste et al. [17]. At water con-
tents corresponding to the analyzed samples (between 40
to 65%), the curves of Tg and Tm of white bread showed a
typically flattened shape when plotted vs. water content
and this is related to the maximum plasticizing effect, that
can be performed by water on starch [17, 18]. Starch
recrystallization in the baked samples is feasible in the
supercooled region of the state diagram, which corre-
sponds to temperatures between Tg and Tm [1, 8, 17]. In
order to analyze starch recrystallization in the baked
loaves, a storage temperature of 307C was chosen, which
is in the middle region between Tg and Tm, as Fig. 2
shows. This is a quite high temperature for food storage,
but it would correspond to a non-refrigerated storage
during the summer season in temperate and subtropical
regions.

Fig. 3a shows the changes in aw of the bread crumbs
during storage at 307C in closed containers for 7 days.
Water activity was maintained at an almost constant level

Fig. 2. Water activity and moisture content values and the
temperatures of the onset of the glass transition (Tg) and
of the peak of melting (Tm) of the bread crumb of the dif-
ferent formulations measured 1 h after baking.

during days 0 and 1. At the seventh day there was a de-
crease of the aw values for all the formulations. The differ-
ence in the aw values between days 1 and 7 was only
about 0.04 aw units in all cases, while the corresponding
differences in water content were about 10%.

Figs. 3b and 3c show the changes in the water content of
the crumbs and the crusts, respectively, during storage at
307C. The water content gradually increased in the crust
while it decreased in the crumb.

Fig. 4a shows X-ray diffractrograms of a mixture of corn
starch and crystalline sucrose. The four peaks at the dif-
fraction angles of 14.2, 17, 18 and 23.17 represent the
crystalline portion of “A”-pattern starch, as described in
the literature [19, 20]. Peaks marked as A, identified at the
diffraction angles of 24.8 and 25.27 correspond to crys-
talline sucrose. The area bellow the line joining the valleys
of these peaks represent the amorphous portion [15]. X-
ray diffractograms of bread crumbs for the different for-
mulations (Figs. 4 b, c, d and e) showed that the peaks of
crystalline sucrose disappeared in the baked breads. The
intensity of the peaks at diffraction angles of 14.2, 18 and
23.17 decreased or disappeared after 7 days of storage at
307C, reflecting a substantial loss of “A”-type crystallinity.
Starch crystallinity in bread crumb (or gels) is commonly
observed in the form of a “B”-structure [21]. The peak at
177, characteristic of a “B”-type structure is due to the
crystallization of the amorphous starch melt, mainly of the
amylopectin fraction and increased during storage.

At a first stage, during baking the crystalline structure of
the granule is disrupted by gelatinization (melting). When
non-crystalline gels are cooled and aged, amylopectin
molecules reassociate to generate a new crystalline order
which has a typical X-ray diffraction pattern. The gel net-
work is maintained by local crystalline regions, and the
strength of the net depends both on the degree of mo-
lecular association and on the molecular component
undergoing crystallization [20]. Starch retrogradation
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Fig. 3. a: Changes in aw of bread crumb during storage at
307C, b: Changes in water content of bread crumb during
storage at 307C, c: Changes in water content of crust
bread during storage at 307C.

does not only involve changes in the amylopectin fraction,
but also in the amylose fraction. Amylose recrystallization
is fast and occurs about 1 h after bread baking, during
cooling, while amylopectin recrystallization is slower [4].
Amylose forms complexes with naturally occurring fatty
acids and phospholipids of the granule [22], giving “V”-
structures (peak at 207) [15]. The peak at 207 is attributed
to a well formed “V”-structure, which apparently
decreased during storage.

Fig. 4. a: X-ray pattern of mixture (corn starch1 cassava
starch1 rice flour) 1 premix. b, c, d and e: X-ray pattern of
bread crumbs of formulations A, B, C and D, respectively,
immediately after baked and cooled and after storage at
307C for 7 days. Black curves: day 0; gray curves: day 7.
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The degree of crystallinity during storage may be followed
by the intensity increase of the X-ray diffraction peaks
(mainly that at 177). Tab. 3 shows the degree of crystallinity
(% of total crumb crystallinity) of “B”-type structure (peak at
177) and “V”-type structure (peak at 207) at three different
storage times for the crumbs of different formulations. The
significant differences (P � 0.05) observed show that the
degree of “B”-type crystallinity increased with increasing
storage time and water content, while the “V”-type struc-
ture slightly decreased. A steep increase in “B”-type crys-
tallinity observed during the first day, and the almost con-
stant crystallinity after the first day, were also observed by
Jouppila et al. [23]. Crystallization kinetics of synthetic
polymers is usually modeled by the Avrami equation which
can also be applied to analyze bread staling.

n
Y = 12e (2kt ) (1)

Where:

Y is the degree of crystallinity, t is the storage time, k is a
constant and n is the Avrami exponent, related to the
kinetics of crystallization. Jouppila et al. [23] obtained the
values k = 1.261021 and n =1.3 for starch recrystallization

at 30 7C in breads with 60% solid content, elaborated with
60% water, after 60 min of baking. If Equation (1) is
applied, the time required to obtain 50% crystallinity is:

t1/2 = (2 ln 0.5 / k)1/n

t1/2 = 3.85 days.

This value corresponds to an intermediate time in the
experiments shown in Tab. 3.

As shown in Tab. 3, “V”-type structure also showed sig-
nificant differences when changing the water content or
the storage time. A “V” structure indicates the formation
of a lipid-amylose complex during baking, which depends
on the kind and amount of the complexing agent, of the
water content and the heating temperature [21]. Zobel
and Kulp [21] showed that type “V” crystallinity is initially
low and increases during the first day of storage up to the
fourth day and then remains constant. In the present work
only the storage time and water content were varied,
while temperature and lipid content were kept constant. It
is to be noted that a transformation of the “V” to the “B”
patterns could occur during storage, thus accounting for
the decrease of “V” crystallinity.

Tab. 3. Bread crumb crystallinity, as % of total crumb crystallinity, of “B”-type structure (diffraction peak
at 177) and “V”-type structure (diffraction peak at 207). Variance analysis and multiple range test.

Structure type

“B” “V”

Formulation Formulation

Day A B C D A B C D

0 31.3 31.7 38.9 42.9 68.7 68.3 61.1 57.1
1 48.6 55.3 56.4 52.1 51.4 44.7 43.6 47.9
7 51.8 64.1 60.1 59.5 48.2 36.3 39.9 40.5

Type-“B” structure Type-“V” structure

Main effect Degrees of freedom F-Ratio P value * F-Ratio P value *

Day 2 3.58 0.0251 3.18 0.0381
Water added 3 44.9 0.0000 42.81 0.0000

* P� 0.05%

Type-“B” structure Type-“V” structure

Day LS
mean

Water
added [%]

LS
mean

Day LS
mean

Water
added [%]

LS
mean

0 35.9 a 60 43.5 a 7 41.1 a 150 48.2 a
1 53.1 b 70 50.4 b 1 46.9 b 100 48.5 a
7 58.8 c 100 51.5 b 0 63.8 c 70 49.6 a

150 51.8 b 60 56.1 b
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Fig. 5 shows the increase of total crystallinity (“B”1“V”) in
bread crumbs during storage of the different formulations
at 307C. Significant differences are observed for total
crystallinity of crumb at different storage times (P � 0.05).
At the initial time (day 0) the “B” structure had a low
degree of crystalline order (Tab. 3), but as storage time
increased “B” crystallinity increased due to amylopectin
recrystallization. However, total crystallinity was not sig-
nificantly affected by the different water contents of the
bread formulations. Jouppila et al. [23] showed that the
degree of corn starch crystallization was independent of
water content and storage temperature. On the other
hand, Svensson and Eliasson [24], found that the intensity
of patterns “A” (for wheat starch) and “B” (for potato
starch) was clearly affected by water content and tem-
perature.

Fig. 6 represents the values of some interrelated param-
eters as a function of storage time and for the hydration
levels 70, 100 and 150% (formulations B, C and D). As
storage time increased, the ratio between the degree of
crystallization of the “B” – type structure and that of the
“V” – type structure increased (Fig. 6a). Hardness of
crumb, represented by the compression force at 20%
deformation, also increased with storage time (Fig. 6b),
while bread scoring decreased (Fig. 6c) when hydration
level increased.

As shown in Fig. 1, with very low or very high hydration
levels, breads of poor quality were obtained. At a hydra-
tion level of 60% (formulation A) the hardness of the
crumb was extremely high, the bread crumb broke when
compression forces were applied, and it was impossible
to perform the measurements.

At a given value of the ratio degree of type “B” crystal-
linity/degree of type “V” crystallinity, the hardness of
crumb was higher for the breads made with 70% hydra-
tion than for those with a higher hydration level (Fig. 7). On

Fig. 5. Total crystallinity of crumb bread during storage at
307C.

Fig. 6. a: Bread crumb crystallization degree: ratio “B”/
“V” during storage at 307C. b: Force [kg] at 20% defor-
mation during storage at 307C. c: Bread score during
storage at 307C.
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Fig. 7. Bread crumb crystallization
degree: ratio “B”/“V” vs. force [kg] at
20% deformation during storage at
307C.

the other hand, at a given value of firmness, the ratio “B”-
type structure/“V”-type structure was lower for the
breads made with 70% water than for those made at
100% or 150% hydration levels. Thus, water content and
water redistribution during storage play an important role
in determining crumb hardness. As observed in Fig. 3 (a, b
and c) differences in aw and moisture content were
observed among the samples, thus affecting the localized
amylopectin recrystallization kinetics, as pointed out by
Baik and Chinachoti [16].

4 Conclusions

The observed changes during storage of gluten-free
bread involved macroscopic and supramolecular phe-
nomena (related to the spatial order of biopolymers and to
cooperative coordinated movements) and changes at
molecular or microscopic levels. Firmness of bread
(measured as the compression force at 20% deformation)
increased in parallel to the ratio of degrees of “B”-type
and “V”-type crystallites, and bread scoring consequently
decreased. However, it is to be noted that, while bread
firmness and bread scoring were significantly affected by
the hydration level, no significant differences were
observed in total crystallinity or in the recrystallization
rate. The global changes reflected by X-ray diffracto-
grams (at the molecular or microscopic levels) were less
affected by water content than macroscopic changes,
such as those involved in firmness development. The
hydration level employed to prepare the breads, between
60 and 150%, did not quantitatively affect the global rate
of starch recrystallization, but had a qualitative effect,
since in breads formulated with the higher hydration
levels the “B”-type structure was favored.

It was not the total amount of crystalline fraction that
determined bread firmness, but the type of crystallites
formed. During bread storage, water migration occurred
from the crumb towards the crust. Water amount and
redistribution affected the kind of crystallites formed and
firmness of aged bread. These observations are a further
evidence that bread firmness development and starch
recrystallization, although being related phenomena, are
obviously separate events. To obtain a global description
of the process, different methods should be employed to
observe inter-related changes in bread characteristics
during storage. Both qualitative and quantitative data at
the molecular level are necessary to explain their macro-
scopic manifestations.
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