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Abstract The influence of selected pregelatinized starches on
staling of pound cake has been investigated considering wheat
and maize pregelatinized starches as flour substitutes. Two
baking systems were considered to assess staling: a miniatur-
ized baking system providing degassed baked batter and a
conventional oven providing real products. Texture profile
analysis, compression, and rupture tests were used to follow
texture evolution during storage. Results confirmed the posi-
tive effect of partial substitution by pregelatinized starches in
microcakes on retarding staling, while the denser structure of
pregelatinized starch cakes prevented the same positive im-
pact on texture and staling.
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Introduction

Cakes are complex systems in baking technology due to the
presence of four main ingredients that are wheat flour,
sugar, fat, and eggs in similar amounts and interacting
together. The water content of a baked cake ranges between
18 and 28 %, which is intermediate between the one of
bread and cookies or biscuits (Bennion and Bamford 1997
Wilderjans et al. 2013). The transformations taking place
during cake baking are not yet fully understood. The final

cake structure results from two main mechanisms: the for-
mation of a solid matrix, thanks to starch gelatinization, and
protein denaturation (Wilderjans et al. 2013), aerated by
steam and carbon dioxide produced by the baking powders.
Gelatinized starch is known to play a key role in the struc-
tural, textural, and physical properties of many foods, in-
cluding bakery products (Marcotte et al. 2004). Starch
gelatinization is affected by several parameters such as the
baking process, baking temperature, and time; besides, the
formulation and in particular the accessibility to water
remains an important factor controlling the degree of starch
gelatinization. Sakiyan et al. (2011) found that increasing
the baking time favors the gelatinization for all baking
processes (microwave, infrared–microwave combination
and conventional oven) by increasing the final temperature
of the cake; they also stated a higher gelatinization degree
for conventional oven compared to the two other processes.
Sánchez-Padro et al. (2008a) came to the same conclusion
by investigating the characteristics of starch in pound cake
crumb: higher moisture content was also observed for con-
ventionally baked pound cake.

The physicochemical transformations of a cake con-
tinue after baking, which impairs the textural quality.
The staling is the major factor which determines the
shelf-life of cakes before microbial deterioration (Sozer
et al. 2011).The staling of cakes during storage consists
of an increase of the crumb firmness which results from
two mechanisms: the moisture migration from crumb to
crust (Baik and Chinachoti 2000) and the starch retro-
gradation (Cauvain 1998). According to Seyhun et al.
(2005), the starch recrystallization causes an increased
hardness of the cell wall material, which is supposed to
be responsible for the firming of the stale crumb. Retro-
gradation behavior of rice cake has been studied by Ji
et al. (2010): the main mechanism underlying the
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changes in properties is suggested to be the slow amy-
lopectin crystallization.

The staling rate is slower in cakes than in bread systems
because of their higher ratios of sugar and shortening in the
formulation (Sozer et al. 2011). However, it is still a problem
in cake making and for consumer acceptance. High-quality
cakes have various attributes including high volume, uniform
crumb structure, softness, long shelf-life, and tolerance to
staling (Gélinas et al. 1999). Gélinas et al. (1999) showed that
staling was greatly reduced by partly replacing shortening by
butter and glucose by sucrose. Quality, texture, and shelf-life
of cakes were studied by Sánchez-Padro et al. (2008a, b),
Gómez et al. (2007, 2008, 2010), Ji et al. (2010), Sozer et al.
(2011), and Seyhun et al. (2005). According to Gómez et al.
(2010), a high-quality layer cake was obtained by adding up to
20 % of an adequate fiber. Increasing the storage temperature
to 20 °C and adding fiber minimized the firmness changes in
sponge and layer cakes (Gómez et al. 2009). Purhagen et al.
(2011) indicated that the quality can be improved by the
addition of anti-staling agents like α-amylase, distilled mono-
glyceride, and lipase.

Hydrocolloids, enzymes, or starches of different origins
were used in cakes to investigate shelf-life and to delay
staling. Acceptance of yellow layer cakes was always
improved by using hydrocolloids; for example, xanthan
was able to prevent changes in texture during storage as
shown by Gómez et al. (2007). Sozer et al. (2011)
showed that a combination of gums, bacterial amylases,
and pregelatinized starch yielded in a decrease of crumb
hardness and toughness whereas springiness did not re-
ally change. Different starches were used in microwave-
baked cakes by Seyhun et al. (2005) who found that the
pregelatinized starch was the most effective starch to
delay staling.

The objective of this investigation is to study the im-
pact of selected pregelatinized starches on the initial tex-
ture and staling in the case of a pound cake recipe without
any additives. The textural characteristics presented in the
literature are mostly carried out by the Texture Profile
Analysis test developed by Bourne (2002) which defines
characteristics like hardness, springiness, and cohesive-
ness. The Young's modulus is another mechanical proper-
ty often used to describe bread texture (Keetels et al.
1996a, b; Guessasma et al. 2008; Le-Bail et al. 2009).
Other mechanical tests like dynamic oscillation and rup-
ture tests have not been applied to cakes yet. The above-
mentioned approaches have been considered in this study
to monitor the texture evolution during staling. In addi-
tion, a specific methodology based on the study of the
mechanical properties of degassed crumb has been con-
sidered to unravel the interaction between cellular struc-
ture and mechanical properties of the crumb material
when texture has to be evaluated.

Materials and Methods

Materials

Wheat flour (14.8 % water content, 9.9 % protein, 1.1 % fat,
71.5 % starch, and 0.4 % ash) was supplied by Giraudineau
(France); whole liquid eggs (0.8 % minerals, 12.1 % protein,
10.2 % fat, and 0.8 % carbohydrates) were purchased from
Ovoteam (France). Fat consisted of rapeseed oil (70 %) and
anhydrous milk fat (30 %) supplied by Corman (Belgium).
Baking powder (sodium bicarbonate) was supplied by
Brenntag. Pregelatinized wheat starch (PWS) and
pregelatinized maize starch (PMS) were supplied by
Roquette (France).

The reference recipe (recipe R) was close to pound cake
recipe taken from Schirmer et al. (2012): 29.5 % wheat flour,
25 % sucrose, 25 % whole liquid eggs, 20 % fat, and 0.5 %
sodium bicarbonate. Pregelatinized wheat starch recipe (reci-
pe PWS) and pregelatinized maize starch recipe (recipe PMS)
contained the same proportion of ingredients with 20 % of
flour replaced by pregelatinized starch (wheat and maize,
respectively).

Methods

Cake Baking

Batter Preparation The mixing method was a multistage
mixing described by Wilderjans et al. (2008) with some mod-
ification to get a better air retention in the studied batter.
Whole liquid eggs, sugar, and fat were mixed together
in a first step using a Kitchen Aid mixer (KSM90,
Kitchenaid, St. Joseph, MI) at speed 6 during 2 min.
Then the flour and sodium bicarbonate were added and
mixed at speed 8 during 3 min.

Cake Baking Two baking procedures were used: a conven-
tional baking and a miniaturized baking procedure.

Conventional baking was performed in a ventilated oven
using a prototype based on a domestic oven. The batter was
placed in a baking plate with nine prints with about 40 g of
batter in each print (the overall dimensions were 30×17.6 cm,
and the dimensions of each print were 9×4.8×3 cm). The
baking plate was installed in a preheated oven at 180 °C for
15 min, then cooled down to room temperature. Three recipes
were baked: reference cake (cake R), pregelatinized wheat
starch cake (cake PWS), and pregelatinized maize starch cake
(cake PMS).

The miniaturized baking system (named “Peltier Oven”) is
made up of two Peltier elements which can heat or cool the
sample contacted onto their surfaces as proposed previously
by Le-Bail et al. (2009). The following time–temperature
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profile has been used to mimic real baking conditions in
the crumb as observed in the conventional baking proce-
dure described above: heating from 20 to 98 °C during
10 min followed by a plateau at 98 °C during 5 min and
a cooling step to 30 °C during 30 min. About 25–30 g of
batter (without baking powder) was placed in plastic
pouches, sealed under vacuum and placed in the Peltier
oven. Three recipes were baked as the conventional
baking: reference microcake (μcake R), pregelatinized
wheat starch microcake (μcake PWS), and pregelatinized
maize starch microcake (μcake PM).

Sample Preparation for Measurements The samples of
microcakes after baking were cut in two different shapes:
disks (7-mm diameter) and rectangles (35 mm×13 mm),
both with height of 4 mm. The disks were placed in
Eppendorf cones and the rectangular-shaped samples in
plastic bags. Conventional cakes were placed in sealed
plastic bags during storage.

Shelf-Life Protocol As cakes go stale slower than the bread,
they need a longer shelf-life study (Cauvain 1998). All sam-
ples (microcakes and cakes) were stored at 10±1 °C during
40 days in a temperature-controlled, ventilated storage cabi-
net. They were removed from the storage cabinet just before
the measurement.

Physical Analysis of the Batters and the Cakes

Water content was measured by drying at 105 °C over-
night for batter, crumb, and crust for each recipe of fresh
samples and during storage. The evolution of water mi-
gration between the crumb and crust during storage was
then obtained. The measurements were made in tripli-
cate. The crumb porosity was calculated according to
Equation (1) with ρap being the apparent density and ρs
the solid density:

Porosity ¼ 1‐ρap=ρs ð1Þ

The apparent density of the batter was evaluated by
weighing a small sample of batter in a cup of known
volume. The solid density was obtained by weighing the
same volume of a degassed batter which was obtained after
vacuuming the batter sample until 10 mbar using vacuum
packaging Multivac C400. The apparent density of the
cakes was measured using rapeseed replacement method
(AACC 1991), and the solid density was measured by a
helium pycnometer (Accupyc 1330, Micrometrics, Creil,
France) in samples of 3–4 g. The porosity measurements
were performed in triplicate.

Texture Analysis

Viscoelastic Properties of Fresh Microcakes

The samples were analyzed using the dynamic mechanical
analyzer at ambient temperature (DMA Q800, TA Instru-
ments–Waters LLC, 78 Guyancourt, France) by applying a
frequency sweep on fresh rectangular microcakes with a dual
cantilever clamp (Fig. 1). The frequency ranged from 1 to
10 Hz at 1 % strain and four replicates were carried out.
Storage modulus and loss modulus were obtained in order to
characterize the different recipes.

The evaluation of the texture of the microcake samples was
based on the two types of deformation: a beam fracture test and
a compression test. The objective was to get more information
on the mechanical properties of the crumb assimilated to a
cellular structure. The compression test was considered to mim-
ic the compression of vertical cell walls (aligned with the
deformation axis), whereas the beam fracture test was consid-
ered to mimic the rupture of the horizontal cell wall (perpendic-
ular to the deformation of axis). The beam fracture test was
performed on a Q800-DMA dynamic mechanical analyzer
(Water Instruments) with a dual cantilever clamp (Fig. 1). A
rectangular fresh or stale microcake was installed in the cantile-
ver clamp; the sample was fixed on the lateral clamps, and the
deformationwas applied by the central clamp. The displacement
ramp was set to 10,000 μm (initial displacement at 200 μm and
initial strain of 0.2 %, initial force of 0.001 N). The force to
strain plots was computed to obtain the maximal force exerted
on the sample at rupture and the corresponding displacement.

The compression test of both micro- and conventional
cakes was carried out with the Q800-DMA. A parallel plate
system (15-mm diameter) was used to compress disks of
microcakes (7-mm diameter, 4-mm height) or samples of
conventional cakes (14-mm diameter, 10-mm height) after
baking and during storage. The slopes of the stress-to-strain
curves between 2 and 8 % strain for microcakes and 5 and
18 % for conventional cakes were computed to obtain the
Young’s modulus in the linear region considered as elastic.

A double compression test based on the texture profile
analysis (TPA) developed by Bourne (Bourne 2002) was
realized on the TA-XT + texture analyzer (Stable
Microsystems, Surrey, UK) for conventional cakes: it was
performed at 1 mm/s speed and 40 % strain with a 25-mm
diameter probe, on disks of 25-mm diameter with at least three
replicates for each sample during storage. The hardness (first
force peak) and the cohesion (A2/A1; A1, first compression
total area and A2, second compression total area) were calcu-
lated from the TPA curves.
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Statistical Analysis

Analysis of variance (ANOVA) was performed for testing the
effect of the pregelatinized starches on the physical properties
of the batter and on the texture of microcakes and convention-
al cakes during storage by using Statgraphics Centurion
(Statpoint Technologies Inc., Sigma plus, France).

Results and Discussion

Texture is the most important property in bakery product
design: it is linked to the micro- and macrostructural charac-
teristics of foods, which determine their sensory perception.
One of the major challenges in bakery products is not just to
produce a high-quality product, but also to maintain the qual-
ity of freshly baked products during storage. The partial
substitution of flour on cake quality with pregelatinized
starches is supposed to retard staling. This effect was studied
with two baking systems: microcake and conventional cake.

Effect of Partial Substitution of Flour by Pregelatinized
Starches on Microcakes

Frequency Sweep

Figure 2 shows the effect of partial substitution of flour by
pregelatinized starches (wheat and maize) on the storage and
loss modulus of fresh microcakes. The conservative modulus
(G’) largely exceeds the loss modulus (G”) that characterizes a
rather rigid material. The partial substitution of flour by the
pregelatinized starches clearly decreased the viscoelastic mod-
uli, with the pregelatinized wheat starch offering the lowest
values (about 50 % decrease). This means that pregelatinized
starches give softer microcakes than the control fresh one.
This result may be linked to the higher amount of gelatinized
starch in the PWS and PMS cakes in comparison to the
reference recipe; such trend has been observed by Seyhun
et al. (2005) on white layer cake.

Rupture Test

The firmness of fresh and stale microcakes was tested by a
rupture test as shown in Fig. 3. The rupture force decreased
significantly for pregelatinized starches compared to the ref-
erence. This rupture force represents the force necessary to
initiate cake rupture: the larger it is, the harder the cake is. For
samples made with pregelatinized starches, no significant
difference could be observed between fresh and stale samples
unlike for the reference microcake (Fig. 3a). Concerning the
displacement at rupture (Fig. 3b), it decreases for all samples
over the staling period. The displacement at rupture represents
the plastic deformation of the material reached before rupture;
the higher the displacement, the higher the ductility of the
material (Bourne 2002).The stale samples are then less ductile
or, in other words, more brittle. The decrease is more accen-
tuated for the reference microcake than for the two other
microcakes. These results seem to indicate that the softness
of fresh and stale samples is better preserved when
pregelatinized starches are used in the recipe in our conditions.

Compression Test

The evolution of the Young’s modulus during storage at 10 °C
for the three microcakes is shown in Fig. 4. The Young’s
modulus significantly decreased with pregelatinized starches,
with the PWSmicrocake presenting a lower modulus compared
to the PMS. This confirms the positive effect of partial substi-
tution of flour by pregelatinized starches as found previously
(Fig. 3). The difference between the wheat and maize
pregelatinized starches was already observed with the visco-
elastic moduli (Fig. 2). The Young’s modulus represents the
stress related to the section of the microcake divided by the
strain (2–10 %): the higher it is, the harder the product is, and,
consequently, the more pronounced the staling is during stor-
age. It appears from the curves of Fig. 4 that the kinetics of
staling is modified by the substitution. For microcakes PWS
and PMS, constant values of the Young’s modulus are reached
after 10 days of storage, while the Young’s modulus continues
to increase for reference cake even after 40 days. First-order
kinetics model (Equation (2)) is used to fit the staling curves
(Le-Bail et al. 2009; Ronda and Roos 2011). Two staling
characteristic parameters are obtained: E∞, which is the Young’s
modulus obtained at the end of staling and τ which is the
characteristic time of the first-order model (time constant). E0
represents the initial Young’s modulus for the initial time (t=0).

E tð Þ ¼ E∞ þ E0−E∞ð Þe t=τð Þ ð2Þ

Values of E∞ obtained using Equation (2) with a regression
model were 10.7, 4.0, and 3.4 kPa for reference microcake,
microcake PWS, and microcake PMS, respectively. This

Fig. 1 Scheme of dual cantilever clamp used for rupture test with DMA
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confirms that the substitution of wheat starch by
pregelatinized starches decreases significantly the
Young’s modulus even after 40 days. The τ values were
69, 5, and 3 days for reference microcake, microcake
PWS, and microcake PMS, respectively. It appeared that
crumb made from PWS and PMS reached the end of
staling much faster, whereas the completion of staling
was much slower for the reference microcake. It seemed
that the completion of staling which encompasses starch
retrogradation was much faster for microcakes.

To conclude, the texture of fresh and stale microcake
samples was significantly softer, thanks to partial substitution
of flour with both pregelatinized wheat and maize starches,
with a good agreement between the three texture tests. The
staling increased the rupture force and the Young’s modulus.
Considering the staling kinetics, the PMS and PWS
microcakes reaches the E∞ values conversely faster to the
reference microcake which continues staling even after
40 days with higher values. It is important to consider that

this study was carried out on a microcake, which means on a
degassed material without any cells in the crumb.

Effect of Partial Substitution of Flour by Pregelatinized
Starches on Conventional Cakes

Water Content

The water content of batter, crust, and crumb for the three
recipes is shown in Table 1. No significant difference between
the water content of the three recipes for batter or crust was
observed. An increase in crumb water content was found for
the pregelatinized starch recipe. This may be related to higher
water holding capacity of pregelatinized starches compared to
the reference (Seyhun et al. 2005).

Compression and Porosity Tests

The rating of the staling during storage by the measurement of
the Young’s modulus on conventional cakes is shown in
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Fig. 5. The partial substitution of flour by pregelatinized
starches does not change the Young’s modulus. As observed
on Fig. 5, the Young’s modulus evolution during storage is not
significantly different from the one of the reference cake
conversely to the microcakes. Therefore, no improvement of
the texture in conventional cakes compared tomicrocakes was
observed.

The porosity of the batter and cakes of the recipes is
presented in Table 1 to better understand the transformations
of the cakes. The partial substitution of flour by pregelatinized
starches decreases the batter porosity. This can be explained
by a reduction of gas retention in batter during mixing when
pregelatinized starches are used. When the batter is baked, the
cake porosity is further significantly decreased by the substi-
tution (Table 1). This may be explained by the fact that the
amount of nongelatinized starch in the batter is reduced. The
swelling of starch occurs then at lower temperature, and the
texture sets before the complete gas release of the baking
powder. This gives a compact texture with less aeration (lower
porosity) compared to the reference cake R, as can be ob-
served on the pictures (Table 1). The decrease of the cake
porosity should lead to higher Young’s modulus, but no

difference was found between the three cakes (Fig. 5). To
explain this result, one has to consider the properties of the
microcakes that represent the solid part, i.e., the matrix of the
cellular structure of the cake. Microcakes of pregelatinized
starches exhibit lower Young’s modulus than the reference.

Table 1 Physical and textural properties of the studied recipes: recipe R (reference), recipe PWS (pregelatinized wheat starch), and recipe PMS
(pregelatinized maize starch)

Parameters Recipe R Recipe PWS Recipe PMS

Water content % Batter 23.3±0.1a 23.5±0.1b 23.2±0.1a

Crust 8.2±0.2a 7.7±0.0a 7.7±0.1a

Crumb 17.4±1.1a 20.5±0.3c 19.3±0.6b

Porosity % Batter 26.8±0.8c 21.4±0.7a 24.5±1.3b

Cake 69.7±1.3b 54.5±0.5a 53.5±3.6a

Cake  texture during storage at 10 °C

Hardness n Day 0 4.1±0.2a 5.5±0.6b 5.9±0.6b

Day 20 8.1±1.3a 12.5±1.9b 12.8±1.8b

Cohesion (A2/A1) Day 0 0.74±0.07a 0.71±0.05a 0.73±0.03a

Day 20 0.59±0.05a 0.60±0.02a 0.59±0.02a

Recipe R Recipe PWS Recipe PMS

Different letters in the same line indicate that statistically significant differences exist at p<0.05
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Fig. 5 Young’s modulus (5–18 % strain) of conventional cakes as a
function of storage period at 10±1 °C
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The resulting softening of the crumb matrix may in turn
compensate the decrease in porosity, leading to the same
values for reference and conventional cakes.

The mechanical behavior of porous material has been stud-
ied by several researchers and in particular by the pioneering
publication of Gibson and Ashby (1997). A model has been
proposed by these authors for different foams with open cells,
to describe the relationship between the relative density and the
relative Young’s modulus (Equation (3)). This model has been
used by other authors such as Guessasma et al. (2008) and
Keetels et al. (1996b) in the case of bakery products:

E�=E ¼ ρ�=ρð Þ2 ð3Þ

E* and E represent the Young’s modulus of the cellular
system (conventional cake) and the solid material (microcake)
respectively; ρ* and ρ represent the density of cellular solid
and of the solid material, respectively. The results obtained
from these three cakes during storage are presented in Fig. 6.
The results show a higher relative Young’s modulus than
predicted by the model of Gibson and Ashby (1997). The
difference between the experimental data and the model could
be explained by the presence of partially closed cells in the
cake. During compression test, the mechanical properties of a
cellular system are generated by a combination of the me-
chanical resistance of the cellular matrix and also by the force
needed to compress the gas enclosed in the cells. The relative
Young’s modulus of the substituted cakes is closer to the
Gibson and Ashby model than the reference cake. This may
be explained by the more compact structure of the substituted
cakes as deduced from the pictures of Table 1.

Texture and Water Content of Conventional Cake
During Staling

The rigidity of the conventional cake has been evaluated by
the Young’s modulus at low strain (Fig. 5), but this does not
match the sensorial perception of the texture that needs larger
strain (at least 40 %) to be investigated. The TPA test com-
pletes the previous results, particularly the hardness and co-
hesion characteristics. The effect of pregelatinized starches on
cake hardness and cohesion is presented in Table 1. The PWS
and PMS cakes are harder than the reference which can be
attributed to their lower porosity. The hardness clearly in-
creases during storage (day 0 and day 20) while the cohesion
slightly decreases for all cakes.

Another parameter which is responsible for cake staling is
the water migration between crust and crumb during storage
(Baik and Chinachoti 2000; Cauvain 1998). Crust and crumb
water contents were measured in cakes during staling (Fig. 7).
Results show that crust water content increased during staling,
contrary to the one in the crumb which decreased for all cakes.
As expected, the water migrated from crumb to crust to reach
equilibrium in water activity for all recipes after 10 days of
storage. This migration may partially explain the hardening of
the texture of the crumb during storage.

Conclusions

The textural characteristics of pound cakes were evaluated
during storage, and the flour was partially substituted by
pregelatinized wheat and maize starches in order to reduce
the staling. The microstructure of the cake can be assimilated
to a cellular system, composed of air cells dispersed in a solid
matrix. Two systems were considered: the microcakes that
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mimic the matrix and the conventional cakes. The viscoelas-
ticity and textural properties of the microcakes at low strain
(Young’s modulus) or large strain (rupture force) highlight the
ability of the pregelatinized starches to, on one hand, increase
the softness of the cake material and on the other hand,
attenuate the effect of staling, as can be deduced from the
evolution of the rupture force and the Young’s modulus.

Concerning the effect of the pregelatinized starches on con-
ventional cakes, the major conclusion is that neither the rigidity
expressed by the Young’s modulus nor the hardness measured
at large strain (40%) could indicate any reduction of the staling.

These results emphasize the main role of the alveolar
structure of the cake on its textural properties. To compare
the effect of any substitute, one has to consider the same
porosity which can be obtained by modulating the kind and
content of the rising agents.

This study highlights the interest of studying the properties of
themicrocakes for which no interplay of the porosity is possible.
It also shows that combining the textural methods contributes to
a better understanding of the properties of the cakes.
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