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Abstract This work considered gelatinized wheat flour

fraction with properties similar to hydrocolloid to enhance

the strength of dough network by improving water reten-

tion and rheological characteristics. The gelatinized (90

�C) fraction of the wheat flour was incorporated in the

dough formulation at different levels (5, 10, and 20% w/w).

The effects of the gelatinized flour (GF) fraction on the

dough rheology and thermal properties were studied. The

incorporation of GF induced a moderate increase of dough

viscoelasticity and reduced the freezing and melting

enthalpies. On the other hand, the changes in bread textural

properties brought by incorporation of GF were insignifi-

cant, indicating that the gelatinized fraction acted as a

binder that enhanced water trapping in the structure. SEM

images showed a more heterogeneous crumb microstruc-

ture (e.g., gas cells, porous, etc.) bread prepared using GF.

Drying kinetics obtained from TGA indicated that the

water diffusivity decreased with the incorporation of GF,

which suggested that the bread had a compact

microstructure.

Keywords Gelatinized flour � Dough � Bread � Rheology �
Textural analysis

Introduction

The effects of the incorporation of pregelatinized starch

(PS) fractions for dough and bread making have been

explored in the recent decade. Commonly, PS is obtained

by heating starch dispersions at about 60–80 �C by

15–20 min and then spray-drying. The powder is used as a

flour substitute to induce desired rheological and textural

properties of dough and bread (Miyazaki et al. 2006). The

specialized literature dealing with the effects of PS addition

is relatively scarce. Satin (1988) proposed PS as a mean to

provide gas occlusion and bread stability. Seyhun et al.

(2005) found experimental evidence indicating that PS

decreased moisture loss during baking and storage, con-

cluding that PS is an effective form staling delay. Miller

et al. (2008) showed that the addition of PS improved the

bread output as water adsorption capacity is increased.

Onyango et al. (2011) studied the rheological and baking

characteristics of gluten-free batter and bread prepared

from pregelatinized cassava starch and sorghum flour,

showing that PS emulated to certain degree the elastic

properties attributed to gluten. Lee and Lim (2013) inves-

tigated the effects of pregelatinized rice flour on the tex-

tural properties of rice cookies, showing that hardness of

dough and cookies increased upon the addition of PS.

Hesso et al. (2014) considered wheat and corn PS as flour

substitutes to study texture and staling of pound cakes,

showing that the denser structure these cakes increased the

softness of the material and attenuated the adverse effects

of staling. Pongjaruvat et al. (2014) showed that substitu-

tion of pregelatinized tapioca starch for the rice flour
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enhanced dough viscoelasticity and improved bread qual-

ity, although lower crumb hardness and chewiness were

obtained. Fu et al. (2016) studied the effect of partially

gelatinized corn starch on the rheological properties of

wheat dough, finding that the rheological properties were

affected by the substitution extent more than by the degree

of gelatinization. In the recent years, Purhagen et al.

(2008, 2011, 2012) have studied the effects of adding

modified flour and starch fraction in the staling of bread

variations. It was shown that the water absorption proper-

ties can be improved by adding normal or heat-treated

barley flour in small amounts (2 and 4%) to a white wheat

bread recipe (Purhagen et al. 2008). Also, it was shown that

bread variations were less firm than their normal counter-

part after seven days of storage when adding barley flour

and waxy barley starch. It was found that the addition of

relatively small amounts (3% flour basis) of pre-gelatinized

oat and barley flours in combination with emulsifiers

retarded the staling of gluten-free bread variations

(Purhagen et al. 2008).

In the aforementioned studies, the PS was obtained by

spray drying process and incorporated in the dough for-

mulation by mixing directly with the base flour. Spray

drying is an energy demanding process that might increase

the cost of bread fabrication. Since water is routinely used

in dough formulations, an alternative for cost saving is to

incorporate directly the gelatinized flour (GF) dispersion

without appealing to spray drying steps. In this case, the

GF dispersion would play the role of a hydrocolloid aimed

to improve dough texture and viscoelasticity and to reduce

the adverse effects of staling. Studies in this direction are

lacking in the scientific literature.

The aim of the present work was to study the impact of

GF fractions on the rheology and thermal characteristics of

wheat-based dough and bread without further additives.

The results provide valuable insights in the use of GF

fractions playing the role of hydrocolloids in the prepara-

tion of dough and bread.

Materials and methods

Materials

Canada Western Soft White Spring (CWSWS) wheat flour

(protein 11.1%, fat 1.2%, dietetic fiber 0.64%, sodium

0.03%) was provided by Bunge S.A. de C.V. (Toluca,

Mexico). This flour is commonly used for flat breads,

steamed breads, chapattis, cookies, cakes and pastries.

Whole milk powder with soya lecithin as emulsifier and fat

content not less than 28% w/w was used (Nestlé,

Switzerland). Sugar, butter, baker’s dry yeast (Nevada

Brand, Mexico) and salt were obtained at a local super

market (Walmart, Mexico). Distilled water was used in all

formulations.

Dough preparation

The components of the basic recipe for dough were wheat

flour (29.4% w/w), milk powder (3.4% w/w), sugar (2.5%

w/w), butter (3.0% w/w), baker’s dry yeast (1.7% w/w),

and water (60% w/w). The ingredients were mixed in a

Laboratory Spiral Mixer (SP-800-J Alpha Simet Group

S.A. de C.V., Mexico) for 10 min at low speed and for

5 min at high speed. Water was added in the mixer at the

beginning of the low speed period, and 0.5% salt was

added at the beginning of the high-speed period.

The formulations containing GF were made as follows.

GF wheat flour (5, 10 or 20% w/w) was mixed with the

whole amount of water to be used in the recipe described

above. The dispersion was heated at 90 �C for 20 min to

achieve complete gelatinization of the starch. Subse-

quently, the gelatinized dispersion was allowed to cool

down to room temperature (about 20 �C). Then, the gela-

tinized dispersion was incorporated in the mixer at the

beginning of the mixing. The dough was rest for 10 min

and then divided in pieces of 300 g and put into silicone

containers. The bread dough was then leavened in a fer-

menting chamber for 1 h at 28 �C and 85% relative

humidity. The dough formulations were coded as D0 for the

basic recipe (i.e., not GF was added), and D5, D10 and D20

for dough containing 5, 10 and 20% (w/w) of GF,

respectively. It should be clarified that higher percentage of

gelatinized wheat flour were not viable because a sticky

dough was obtained, making the handling of the dough

quite different.

Rheological properties of bread doughs

To assess the effects of the GF, all rheological measure-

ments were carried out before the leavening phase, just

after the dough was prepared. Flow and oscillatory mea-

surements were carried out using a Physica MCR 300

rheometer (Physica Mebtechnik GmbH, Germany), with

cone-plate geometry, rotating cone 50 mm in diameter, and

cone angle of 2� with a gap of 0.05 mm. A dough sample

(*5.0 g) was placed in the measuring system, and left to

rest for 5 min at 25 �C. The edges of samples were covered

with oil to reduce water evaporation. Temperature main-

tenance was achieved with Physica TEK 150P temperature

control. Flow curves were obtained by varying the shear

rate from 0.00001 to 1000 s-1. Amplitude sweeps were

carried out in the range of 0.01–1000% at 1.0 rad s-1. This

frequency value was chosen because it typically repre-

sented the deformation dynamics during the dough for-

mation in the mixer, which worked at about 60 rpm. In this
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way, the considered frequency reflected the viscoelastic

properties during the mixing of ingredients and dough

formation. The storage modulus (G0) and the loss modulus

(G00) were measured.

Determination of the freezing and melting

properties of doughs

Freezing and melting properties were studied using a dif-

ferential scanning calorimeter DSC 1000 (TA Instruments,

New Castle, USA) previously calibrated with indium

(melting point = 156.61 �C; DHfus = 28.54 J g-1) and

water (melting point = 0 �C and DHm = 333.5 J g-1). To

avoid water condensation, nitrogen gas was continuously

flushed through the calorimeter head at a rate of

50 mL min-1. About 10.0 mg was placed in a hermetic

aluminum pan (20 lL), which was placed inside the

calorimeter and frozen to a temperature of -90 �C. The
samples were then heated to 25 �C at a heating rate of 5 �C
min-1. An identical empty pan was used as reference. The

freezing and melting properties, including the freezing

temperature (Tf), freezing enthalpy (DHf), onset melting

temperature (Tm,o), peak melting temperature (Tm,p), end-

set melting temperature (Tm,e), melting enthalpy (DHm)

and glass transition temperature (Tg), were determined on

fresh dough samples and calculated using associated soft-

ware (Universal Analysis 2000, New Castle, USA). As

done for rheological measurements, all DSC measurements

were carried out before the leavening phase, just after the

dough was prepared.

Bread making

The dough was put into a pre-heated (210 �C, 20% relative

humidity, 25 min) automatically controlled static convec-

tion oven (Rational AG, Landsberg, Germany). The con-

tainers with the bread were withdrawn from the oven, and

let to cool down to warm temperature. At this point, the

breads were removed from the containers and allowed to

cool down to room temperature, after which they were put

into waterproof plastic bags. For reference, the breads were

coded as B0 for the basic recipe (i.e., not GF was added),

and B5, B10 and B20 for dough containing 5, 10 and 20%

(w/w) of GF, respectively.

Scanning electron microscopy (SEM) of bread

variations

The morphology of bread was evaluated using a scanning

electron microscope (JEOL JMS 7600F, Akishima,

Japan). Samples were directly mounted on circular alu-

minum stubs with double-sided adhesive carbon tape,

followed by the gold coated for 100 s, then examined at

an accelerated voltage of 15 kV at room temperature with

LM mode. Micrographs at 1009 magnification were

presented.

Thermal characterization of bread variations

The equipment described in Subsection 2.4 was used for

thermal analysis of bread variations. To this end, samples

(10.0 ± 1 mg) of each bread variations were hermetically

closed in aluminum pans and heated in a calorimeter from

25 to 100 �C at constant rate 10.0 �C/min. Empty alu-

minum pan was used as reference. Temperatures (To–onset,

Tp–peak, Te–endset) and enthalpy of thermal transitions

(DH) were determined with the use of instrument’s soft-

ware Universal Analysis 2000 (New Castle, DE, USA).

Enthalpy values were expressed as J g-1.

Weight, width, volume, color and moisture content

Weight of bread loaves was determined with an electronic

weighing balance and width of bread loaves was measured

using a tape measure. The volume of bread (cm3) was

determined using the rapeseed displacement method

(AACC 2000).

Color of the crust of each bread loaves was analyzed

using Hunter Lab Colorimeter Model 45/0L (Hunter

Associates Lab., Indiana, USA). The color parameters L*,

a* and b* are measures of lightness, redness/greenness and

yellowness/blueness, respectively. To this end, the instru-

ment was calibrated against a standard white tile

(L* = 97.63, a* = 0.78 and b* = 0.25).

Moisture content of the crust was measured using the

AACC method (AACC 2000). 3 g of sample was dried in

an oven at 130 �C for 1 h. After cooling in a desiccator, the

dried sample was weighed.

Texture profile analysis (TPA) of bread variations

Texture profile analysis (TPA) of bread crumb was per-

formed using a Brookfield CT3-4500 texturometer (Mas-

sachusetts, USA) at the compression rate 1.0 mm s-1

(loaves used for analysis in the following 3 and 72 h were

stored in plastic bags at 25 ± 2 �C, humidity 60%). Sample

of bread crumb, taken from the center of the loafwith a height

2.0 cm was pressed to reach 40% deformation by a TA25/

1000 aluminum cylinder probe (diameter = 50.8 mm,

length = 20 mm), in two cycles with a 2 s delay. The

resulting hardness, adhesiveness, resilience, cohesiveness,

springiness, and chewiness of the crumb were used as indi-

cators of textural changes during storage. The calculations

were performed using the attached software TexturePro CT

(Brookfield, Massachusetts, USA). The analysis was per-

formed after 3, 24 and 72 h after baking.
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Thermogravimetric analysis (TGA)

Staling is a complex phenomenon occurring in bread dur-

ing aging. It involves both chemical and physical changes

in crumb and crust. Amylopectin retrogradation and amy-

lose–lipid complex formation have been recognized as two

main mechanisms involved in bread staling (Gray and

Bemiller 2003). In this regard, the strength and extension

of water binding play an important role in the rate of bread

staling. TGA has been used for characterizing the staling

behaviour of bread, finding that water diffusion between

binding sites determines to a large extent the staling rate

(Schiraldi et al. 1996). The loss of binding water due to

diffusion mechanisms leads to important rearrangement of

the bread microstructure as amylopectin retrogradation due

to water depletion is present. Given that water loss is an

important factor in bread staling, this work used drying

kinetics from TGA at constant temperature conditions as a

mean for characterizing staling kinetics of the different

bread variations. Commonly, bread is stored by consumers

at room temperature (about 15–18 �C), under which bread

staling takes about 24–72 h. Here, staling was accelerated

by using a higher temperature to speed-up the diffusion of

the water from the bread microstructure to the environ-

ment. The experimental runs were carried out as follows.

Cubic samples of about 0.5 cm of length were extracted

from the center of the crumb region of the different bread

variations. Drying experiments were performed at 30 �C
using a thermogravimetric analyzer (TGA, 2950, TA

Instruments, New Castle, USA). The TGA was equipped

with an infrared furnace to provided precise temperature

control. The flow rate of carrier gas (nitrogen) was kept at

100 mL/min. A computer connected to the thermogravi-

metric analyzer automatically recorded the changes in

weight, and then processed the data. All experiments were

replicated three times for each bread formulation and

averages of weight loss were used. The moisture ratio MR

was calculated using the following equation:

MR ¼ W �We

W0 �We

ð1Þ

where MR is the moisture content at any time, W0 is the

initial weight and We is the equilibrium weight. The We

values were obtained from the drying curves and were

estimated when the sample weight became constant during

the drying time.

Determination of water effective diffusivity

The Fick’s second law of diffusion is commonly used to

describe the drying process of biological materials. To this

end, it is assumed that internal mass transfer controls the

drying dynamics. The differential equation describing the

drying dynamics is given by

oMR

ot
¼ r Deff rMRð Þ

� �
ð2Þ

The mathematical solution of this equation is given in

terms of an infinite series as follows:

MR tð Þ ¼ 8

p2
X1

n¼0

1

2nþ 1ð Þ2
exp � 2nþ 1ð Þ2p2Deff t

4L2

 !

ð3Þ

where L is a characteristic length of the sample. When

sample shrinkage is negligible and initial moisture content

is uniform is assumed, Eq. (2) is suitable for determining

the effective diffusivity. However, the numerical fitting

(via the solution of a least-squares problem) is not an easy

task. A simple approach consists in taking only the first

term of the series in Eq. (3), so that one obtains the fol-

lowing approximation (Vega-Gálvez et al. 2010):

MR tð Þ � 8

p2
exp � p2Deff t

4L2

� �
ð4Þ

Based on this expression, a plot of ln MRð Þ versus time

leads to a straight line with slope keff ¼ p2Deff

4L2
. Hence, the

estimate of the effective diffusivity is given by

Deff ¼ 4L2keff
p2 . However, this approach might led to poor

fitting results, so that it is better to use Eq. (3) with a finite

number of exponential factors to estimate the effective

diffusivity.

Statistical analysis

Data were analyzed using a one way analysis of variance

(ANOVA) and a Tukey’s test for a statistical significance

P B 0.05, using the SPSS Statistics 19.0.

Results and discussion

Dough viscosity

Figure 1a presents the dependence of the apparent viscos-

ity of the dough formulations on shear rate. The apparent

viscosity increased with GF content, which was consistent

with previous results obtained for dough containing

pregelatinized starch fractions (Onyango et al. 2010a;

Hesso et al. 2014). Three behaviors can be distinguished:

(a) a shear-thickening region for small shear-rate values, up

to about 2.3 9 10-4 s-1. The apparent viscosity showed a

slight increase induced by the jamming of particles and

microstructure compaction (Hoffman 1998). (b) A newto-

nian-like region in the range from 2.3 9 10-4 to about

J Food Sci Technol (November 2016) 53(11):3996–4006 3999

123



0.01 s-1. Here, the apparent viscosity was nearly constant,

which reflected a stabilization of the dough microstructure

as the shear stress was applied. This viscosity plateau was

far right for D0 and moved left as the GF fraction was

increased. This suggested that the GF (mainly amylose

chains) acted as a lubricant between the particles and

aggregates dispersed in the dough bulk. (c) A shear-thin-

ning region for high shear-rate values (Singh et al. 2007).

Although the apparent viscosity was increased with the GF

fraction, not significant differences were found for shear-

rate values higher than 1.0 s-1 (Fu et al. 2016). This

indicated that the GF fraction had only a marginal effect in

the flow pattern for high shear rate conditions, which may

be due to the dominance of the elastic microstructures

linked to the gluten fraction of the wheat flour. The

pregelatinized starch added to the wheat flour acted as a

hydrocolloid dispersed in the dough bulk. It has been

reported that hydrocolloids (e.g., sodium alginate, xanthan

gum and hydroxypropylmethylcellulose) improved dough

stability by strengthening the microstructure. Viscosity was

increased due to the hydroxyl groups in the hydrocolloid

structure, which allowed more water interactions through

hydrogen bonding (Rosell et al. 2001). In this way,

hydrocolloids added to dough have the ability of dispersing

and absorbing more water as compared to native starch

(Ortolan et al. 2015). According to Li and Nie (2016), the

viscosity of the pregelatinized starch contained in colloidal

suspensions was increased by the thickening of the liquid

phase attributed to liquid absorption and resultant swelling

of the dispersed colloid.

Dough viscoelasticity

Figure 1b, c show the storage (G0) and loss modules (G00)
as function of strain for 1.0 rad s-1 oscillation. These

results provided valuable insights of the microstructure

changes as the dough deformed. In this regard, three

regions can be observed: (a) For small deformations, up to

1% strain, the modules were nearly constant, suggesting

that the microstructure was unaltered by the action of the

oscillatory shear stress. This region corresponded to the

linear viscoelastic behavior where the modulus G0 and G00

did not depend on the magnitude of the strain (Mariotti and

Alamprese 2012). The reduction of the storage modulus G0

started to occur above 1% strain, indicating the breakdown

of the dough structure. (b) A gradual decay can be observed

for higher deformations. The reduction of the shear stress

for high deformations can be attributed to the alignment of

the dough microstructure along the deformation direction.

(c) The fast modules decay for strain values higher than

500% can be due to the breakage of particle aggregate

dispersed in the dough bulk. In turn, this led to a frag-

mentation of the dough microstructure. The above effects

were magnified by the addition of GF with storage and loss

modules increased with the GF fraction. It was apparent

that, similar to particle-filled hydrogel composites
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(Yanagioka and Frank 2008), the GF acted as a hydrocol-

loid entrapping the particles dispersed in the dough bulk.

GF fraction formed a 3D network where the different

dough fractions were dispersed, resulting in highly con-

solidated dough microstructure with improved elastic

properties (Zhang et al. 2015). (d) Fig. 1d exhibits the loss

factor tan (d) = G00/G0. A solid-like behavior (tan (d)\ 1)

was observed for strain values as higher as 200%, which

was a typical behavior of wheat flour (Tao et al. 2016). The

transition (tan (d) = 1) to a liquid-like behavior was not

affected by the GF fraction, although the loss factor value

was smaller as the GF fraction increased. This suggested

that the GF fraction improved the elasticity of the dough

microstructure. This was consistent with previous reports

showing an increasing contribution of the elastic compo-

nent in dough with higher amount of hydrocolloids (Rosell

et al. 2001).

Freezing and melting properties of doughs

At commercial scales, dough are prepared and stored at

freezing temperatures to enhance the shelf life (Räsänen

et al. 1998). An interesting issue was the modification of

the freezing and melting properties as affected by the GF

addition. Water molecules were trapped into the dough

microstructure, achieving freezing at temperature below

0 �C. The sharp rise of the exothermic heat flow indicated

that a fraction of the water molecules was freezable. On the

other hand, the subsequent smooth decrease of the heat

flow is linked to ice formation within the network formed

by the dough components. Contrarily, the dough melting

did not exhibit a sharp change, but instead a gradual

transformation from ice to free water at temperatures above

0 �C. In the freezing process, phase separation occurs upon

formation of ice crystals from free water. Upon melting,

syneresis occurred because free water can be easily

released from the dense network (Karim et al. 2000). The

freezing-melting process is not reversible since water

rearrangement can occur during the freezing phase. Table 1

presents the freezing and melting parameters for the dif-

ferent dough variations. The following comments are in

order: (a) The freezing temperature (Tf) showed a slight

decrease with the GF addition. In fact, the decrease was to

the extent of 0.37 �C from D0 to D20. This suggested that

the correlative properties of freezable water were not

affected by the presence of GF components, mainly amy-

lose. (b) In contrast, the freezing enthalpy DHf exhibited a

huge decrease from 39.48 to 12.89 J g-1. The freezing

temperature was related to the proportion of freezable

water in the dough matrix. This way, GF addition reduced

the free water proportion by improving the compactness of

the dough network. It has been postulated that amylose in

starch granules has a tight helical conformation which was

maintained by intramolecular hydrogen bonding. Upon

gelatinization, intramolecular hydrogen bonds were

replaced with intermolecular hydrogen bonds, resulting in

stronger elastic gels (McGrane et al. 2004). A fraction of

the added water was trapped into these intermolecular

hydrogen bonds, which was reflected as an effective

reduction of free water by the effect of the GF addition.

(c) The onset melting temperature Tm,o suffered only a

slight negative displacement of about 1.75 �C from D0 to

D20. However, the peak temperature Tm,p was reduced

from -1.63 to -6.83 �C. Also, the endset melting tem-

perature decreased from 9.46 to 5.40 �C. In turn, the

melting temperature range (Tm,e–Tm,o) varied from

34.46 �C for D0 to 32.25 �C for D20, suggesting a more

homogeneous ice crystal formation with the incorporation

Table 1 Thermal properties of dough and bread containing various proportion of gelatinized flour fractions

Sample Tf (�C) DHf (J g
-1) Tm,o (�C) Tm,p (�C) Tm,e (�C) DHm (J g-1) Tg (�C)

Dough

D0 -14.04 ± 0.28a 39.48 ± 0.79a -25.10 ± 0.49a -1.63 ± 0.05d 9.46 ± 0.21a 47.54 ± 0.91a -16.58 ± 0.33d

D5 -13.79 ± 0.31a 31.43 ± 0.94b -25.98 ± 0.52a -1.95 ± 0.03c 8.96 ± 0.17b 40.50 ± 1.02b -19.32 ± 0.48c

D10 -13.70 ± 0.30a 19.47 ± 0.45c -26.38 ± 0.58a -3.64 ± 0.08b 6.35 ± 0.14c 28.00 ± 0.79c -22.29 ± 0.40b

D20 -13.67 ± 0.25a 12.89 ± 0.38d -26.85 ± 0.65a -6.83 ± 0.12a 5.40 ± 0.12d 25.75 ± 0.66d -25.74 ± 0.57a

Sample To (�C) Tp (�C) Te (�C) DH (J g-1)

Bread

B0 56.48 ± 1.13a 106.55 ± 2.66a 146.32 ± 2.63a 490.20 ± 10.78a

B5 54.49 ± 1.36a,b 104.10 ± 2.29a 144.54 ± 2.89a 482.20 ± 8.68a

B10 52.95 ± 0.95c 102.94 ± 2.57a 142.45 ± 3.13a 475.03 ± 11.87a

B20 51.77 ± 1.14c 101.37 ± 1.82a 139.51 ± 3.49a 468.30 ± 9.37a

Values are mean ± standard error, of three replicates

Superscripts with different letters in same column indicate significant differences (P B 0.05)
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of GF. (d) Paralleling the freezing enthalpy, the corre-

sponding melting enthalpy also decreased with the GF

addition, supporting the idea that the gelatinized fraction

reduced the proportion of freezable water in the dough

network. The changes in glass transition temperature (Tg)

of frozen foods were strongly dependent on interactions

with freezable water (Reid et al. 1994). The freezable water

content and glass transition temperature were decreased

from -16.58 to -25.74 �C with the GF addition (Table 1).

In the food industry, water is recognized as the most

important dispersing medium contributing to sensory,

processing and storage properties. Generally, the presence

of water in food matrix is defined according to its response

to freezing. During freezing, only freezable water crystal-

lizes into ice, whereas unfreezable water undergoes no

changes (Ding et al. 2015).

Bread morphology

Figure 2a–d present images of the bread variations, from

B0 to B20, respectively. The basic bread B0 exhibited a

typical shape, with a height-to-width ratio of about 0.9. The

addition of GF reduced this ratio, with about 0.71 for B20.

This effect can be attributed to the formation of a stronger

dough network that limits the mobility of gases and dough

components. Similar effects were observed for other bread

variations, including sorghum-based bread with pregela-

tinized cassava starch (Onyango et al. 2011), and in

degassed pound cakes supplemented with pregelatinized

wheat starch (Hesso et al. 2014). It seems that the shape

and size of the bread was negatively affected by the

addition of hydrocolloid components into the dough for-

mulation. In fact, the relative height of the breads relative

to the control bread B0 were 96.4 ± 0.3%, 89.4 ± 0.4%

and 76.8 ± 0.7% for B5, B10 and B20, respectively. The

gelatinized fraction may have been critical for the forma-

tion of a cohesive network to prevent the escape of carbon

dioxide and collapse of the gas cells. In turn, this led to the

formation of a finer crumb structure with a more hetero-

geneous distribution of porous size. For a better assessing

of this feature, Fig. 2e–h present the respective SEM

images of the bread crumb. Bread B0 in Fig. 2e exhibited

large gas cells distributed within a homogeneous matrix.

As the GF fraction was increased (Fig. 2f–h), the crust

exhibited a more heterogeneous distribution of gas cells,

with an unevenly porous distribution. In the presence of

GF, the pores appeared to be slightly smaller as compared

to B0. It has been pointed out that high amounts of

pregelatinized starch in sorghum-based breads had nega-

tive effect on the crumb structure of bread (Hugo et al.

2000). The uneven distribution of gas cells were probably

caused by stiffness of the dough as caused by a strong

network induced by the GF addition (Schober et al. 2005).

Thermal properties of bread variations

Table 1 presents the thermal properties of the bread vari-

ations. The endothermic heat flow pattern (not shown)

exhibited with a wide band. This band moved right as the

GF proportion was increased, as indicated by the onset,

peak and end temperatures in Table 1. The bread crumb

was more compact as the GF fraction was increased

(Fig. 2e–h). In turn, this suggests that the GF fraction

enhanced the ordering of the dough components in the

bread making phase. In this way, higher peak temperatures

are related to more ordered microstructure. On the other

hand, the enthalpy decreased with the GF fraction since

this component was already deconstructed during the

gelatinization process. In turn, smaller enthalpy value

indicates that the baking process involves lower thermal

requirements.

Weight, width, volume, color and moisture content

The weight, width, volume, color and moisture content of

control and modified breads were evaluated (Table 2). The

control bread B0 showed the lowest weight and the highest

volume. In contrast, the weight increased and the volume

decreased with incorporation of GF. This effect was also

displayed by breads incorporated with fiber and was pos-

sibly resulted from a weakening effect caused by added GF

on dough structure and subsequently a reduction of CO2

gas retention (Sangnark and Noomhorm 2004).

Breads containing GF showed higher moisture content.

This increase suggested that a large amount of water was

bound when GF was added into the bread. In fact, strong

water binding can be associated with interactions between

water and hydroxyl and carbonyl groups of the gelatinized

starch, as well as to amine groups of flour proteins.

Slight differences in color were observed between the

control bread Bo and the breads containing GF. The

lightness (L* value) of breads decreased with the addition

of GF. The detected a* values indicated that breads with

GF exhibited different intensity of redness (positive a*

values). A change in positive b* value is related to varia-

tions of yellowness. Table 2 showed that yellowness

decreased with the GF content. Yellowness changes might

be induced by the gelatinized fraction, which exhibited a

gray-like appearance during preparation. It should be

mentioned that other coloration mechanisms can be also

linked to Maillard and caramelization reactions (Purlis and

Salvadori 2009).

Texture profile analysis (TPA) of bread variations

Table 3 presents the textural analysis of the fresh and

staled (after 24 and 72 h) breads. Hardness increased with
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Fig. 2 a–d Images of the bread

crumb for the different

gelatinized flour fractions, for 0,

5, 10 and 20% (w/w),

respectively. e–h SEM images

corresponding to the above

bread variations
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GF fraction, indicating that gelatinized fractions induced a

more robust bread structure. The addition of GF resulted in

increase in chewiness. This suggests that the structural

properties observed for the dough variations were retained

in terms of texture properties after the baking phase. The

positive effect of the GF addition was observed for the

bread after 72 h of staling. In fact, hardness increased

about 800% for D0, and about 390% for D20. Chewiness is

related to the energy required to masticate food and is a

product of hardness, cohesiveness and springiness.

Chewiness increased about 530% for D0, and about 330%

for D20 after 72 h. Cohesiveness is an indicator of the

cohesion of the material, breads with low cohesiveness are

more susceptible to crumble and fracture (Onyango et al.

2010b). From a practical viewpoint, breads with relatively

high cohesiveness desirable. The GF fraction had not effect

on the cohesiveness of the bread. However, the bread

cohesiveness decrease from 0.67 to 0.47 after 72 h of

staling. In contrast, breads containing GF retarded the

cohesiveness degradation. In fact, the cohesiveness of the

bread (B20) was unaltered after the staling. A reduction of

springiness reflected the loss of elasticity. The results in

Table 3 showed that springiness of B0 was reduced after 24

and 72 h, while this increased for bread containing GF.

TGA and water effective diffusivities

Figure 3a presents the drying curves obtained from TGA of

the breads containing different levels of GF. The drying

kinetics exhibits an apparent monotonous decreasing

behavior with the control bread B0 displayed the highest

weight loss. In contrast, the weight loss decreased with the

incorporation of GF. Table 2 shows that all bread have

similar weight. This feature in conjunction with the drying

pattern in Fig. 3a suggests that the gelatinized gel

enhanced the water binding within the bread microstruc-

ture. Equation (3) was used to estimate the effective dif-

fusivity of water during the drying dynamics of the

different bread variations. To this end, twenty (i.e., n = 20)

terms were used in Eq. (3) and the results are exhibited in

Table 2 Physical parameters and moisture content of bread contains different levels of GF

Sample Weight (g) Width (cm) Volume (cm3) Moisture Content (%) Crumb color

L* a* b*

B0 855.2 ± 1.6a 12.0 ± 0.0a 2650.0 ± 1.9d 30.2 ± 1.3a 72.3 ± 2.1b 0.3 ± 0.2a,b 14.2 ± 0.6b

B5 861.3 ± 1.3b 12.1 ± 0.0a 2601.0 ± 1.8c 31.1 ± 1.6a 68.3 ± 2.2a,b 0.4 ± 0.1a,b 13.6 ± 0.5a,b

B10 870.6 ± 1.5c 12.0 ± 0.0a 2527.0 ± 2.4b 36.5 ± 1.4b 66.4 ± 1.8a 0.2 ± 0.0a 12.9 ± 0.6a,b

B20 872.1 ± 1.4c 12.2 ± 0.0a 2463.0 ± 1.9a 38.4 ± 1.7b 65.9 ± 1.9a 0.2 ± 0.0b 12.4 ± 0.7a

Values are mean ± standard error, of three replicates

Superscripts with different letters in same column indicate significant differences (P B 0.05)

Table 3 Texture profile analysis (TPA) of bread contains different levels of GF

Sample Hardness (N) Adhesiveness (mJ) Resilience Cohesiveness Springiness (mm) Chewiness (mJ)

After 3 h

B0 189.5 ± 3.8d 0.49 ± 0.01c 0.25 ± 0.02b 0.67 ± 0.02a 8.34 ± 0.17a 10.45 ± 0.21d

B5 316.0 ± 7.9c 0.51 ± 0.02b,c 0.28 ± 0.01a,b 0.67 ± 0.01a 7.41 ± 0.19b 15.16 ± 0.38c

B10 423.0 ± 12.7b 0.55 ± 0.01b 0.30 ± 0.02a 0.68 ± 0.01a 7.09 ± 0.16b,c 20.54 ± 0.35b

B20 527.5 ± 13.2a 0.60 ± 0.02a 0.31 ± 0.01a 0.68 ± 0.02a 6.71 ± 0.12c 23.75 ± 0.52a

After 24 h

B0 432.00 ± 16.1d 0.41 ± 0.02c 0.22 ± 0.01b 0.53 ± 0.01b 8.12 ± 0.16a 16.26 ± 0.86d

B5 453.00 ± 22.7c 0.43 ± 0.02b,c 0.21 ± 0.02b 0.54 ± 0.02b 7.43 ± 0.17b 22.70 ± 0.88c

B10 778.00 ± 27.6b 0.49 ± 0.03b 0.23 ± 0.01a,b 0.58 ± 0.01a 7.15 ± 0.14b,c 27.26 ± 0.91b

B20 845.00 ± 34.8a 0.53 ± 0.02a 0.24 ± 0.01a 0.58 ± 0.02a 7.02 ± 0.11c 27.26 ± 0.91b

After 72 h

B0 1540.0 ± 36.20d 0.38 ± 0.01d 0.13 ± 0.01d 0.47 ± 0.01d 7.79 ± 0.16a 55.26 ± 1.11d

B5 1674.0 ± 41.85c 0.41 ± 0.02c 0.15 ± 0.03c 0.51 ± 0.02c 7.68 ± 0.17a,b 60.70 ± 1.09c

B10 1878.0 ± 37.56b 0.47 ± 0.03b 0.18 ± 0.01b,c 0.56 ± 0.01b 7.32 ± 0.14c 65.26 ± 1.43b

B20 2045.0 ± 44.99a 0.51 ± 0.02a 0.20 ± 0.01a 0.63 ± 0.02a 7.12 ± 0.11d 78.81 ± 1.97a

Values are mean ± standard error, of three replicates

Superscripts with different letters in same column indicate significant differences (P B 0.05)
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Fig. 3b. The effective diffusivity decreased with the con-

tent of GF. This indicates that GF induced a stronger

binding of water in the bread microstructure, which might

be attributed to the retention of water within the gelatinized

amylose network expanding along the dough body.

Conclusion

This work proposed to use gelatinized flour as a hydro-

colloid to modify the dough rheology and to improve the

bread textural characteristics. The gelatinized flour fraction

was incorporated in the dough formulation as an alternate

to spray dried pregelatinized starch. The dough viscoelas-

ticity increased with the gelatinized flour incorporation,

while the freezing and melting dough characteristics were

enhanced. The results indicated that the gelatinized flour

fraction acted as a binder that improved the dough capacity

to retain water. Besides, texture analysis indicated that the

gelatinized flour fraction retarded the bread staling as

reflected by slower increase of hardness and decrease of

cohesiveness relative to the basic bread.
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