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a b s t r a c t

The dielectric properties of salted systems based on different hydrocolloids (native or modified starches,
or on i, k, or j carrageenan) as models for microwaveable white sauces were studied. Microstructural and
rheological properties were also studied to better understand the dielectric behaviour.
As expected, salt had a significantly positive effect (p < 0.05) on both dielectric properties. Raising the

starch concentration significantly lowered (p < 0.05) the loss factor, whereas increasing the carrageenan
did not. None of the hydrocolloids significantly affected the penetration depth. The decrease in the loss
factor could be related to a decrease in the free water content which was observed by Cryo-SEM. Free
water and salt content seemed to be the major factors to control for microwave heating of hydrocol-
loid-thickened systems.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The ready-to-eat meal sector is a steadily-growing market. This
is mainly due to today’s lifestyle, higher purchasing power and
smaller family units, all of which have brought about new con-
sumption habits characterized by increased demand for ready-to-
eat products which are easy to prepare and consume and do not
sacrifice sensory quality. Using microwave (MW) ovens to heat
food has become a regular practice in most homes and offices be-
cause they are quick, easy to use and save energy.

Heating occurs because the MW frequency is similar to the nat-
ural resonance frequency of water molecules, so its energy is easily
absorbed by the water molecules in the food. The oscillation of
molecules is delayed, producing a mechanical friction in the envi-
ronment that results in the creation of heat (Decareau, 1985).
However, it is very difficult to try to predict the behaviour of a food
in a MW oven based on its composition (Calay et al., 1995; Sun
et al., 1995). The fact that each type of food has a complex and un-
ique heating pattern must be taken into account (Hegenbart,
1992). As a result, the current tendency is no longer to adapt exist-
ing formulations but to design food that is specifically suitable for
MW heating (Meda et al., 2005).

The way in which food responds to the effects of MWs depends
primarily on its dielectric properties (dielectric constant and loss
factor), which determine the interaction between the electromag-
netic energy and the materials in a macroscopic way (Metaxas and
Meredith, 1983). In other words, along with water (the main
source of microwave interactions), each of the components of a
food item contribute to the food dielectrical properties forming a
mass with a unique and complex microwave heating potential
(Hegenbart, 1992). The dielectric constant (e0) quantifies the capac-
ity of a material to store energy and to polarize it when subjected
to an electric field. The loss factor (e00) is related to the amount of
energy transformed into heat. From these two indices, the penetra-
tion depth (d) can be obtained, which is defined as the depth at
which energy decreases to 37% of its value on the surface of the
material (Datta and Anantheswaran, 2001). Dielectric properties
vary depending on different factors: moisture content is usually
the most important, but the temperature, density and composition
and structure of the food are also crucial. Regarding chemical com-
position, the most important factor is the presence of mobile ions
and permanent dipolar moments associated with water and other
molecules.

Many foods have sauces or liquid systems covering pieces of so-
lid food (meat balls, lasagne, etc.). This continuous phase acts as a
means of transmitting heat by conduction to the solid phase and
also avoids its dehydration. Polysaccharide hydrocolloids are
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widely used as thickeners in this type of liquid or semi-liquid sys-
tem. They possess the characteristic of being able to bind water
molecules and can affect the dielectric properties of food consider-
ably by changing its hydration and viscosity properties (Miller
et al., 1991). Although research has been carried out on the dielec-
tric properties of different food systems (Bengtsson et al., 1963;
Bengtsson and Risman, 1971; Jain and Voss, 1987; Mudgett
et al., 1979; Nelson, 1978), information about systems with hydro-
colloids is scarce; only Nelson et al. (1991) and Prakash et al.
(1992) have studied the influence of moisture content, tempera-
ture and charge on the dielectric properties of different powdered
(non hydrated) hydrocolloids (potato starch, locust bean gum, ara-
bic gum, carrageenan and carboxymethylcellulose). They found
that dielectric properties were highly dependent on the charge of
the hydrocolloid. Temperature dependence of all samples in-
creased as the moisture content rose, but it did so to a lesser de-
gree in potato starch (very little charge) and to a much lesser
degree in locust bean gum (neutral) than in the other three
hydrocolloids.

No previous studies have evaluated the dielectric properties of
hydrated hydrocolloids. The majority of hydrocolloid applications
in food, such as their use as thickeners in sauces, requires them
to be well dispersed and hydrated to perform their function. As
hydrocolloids affect the rheological properties of food systems,
the study of the relationship between rheological, structural and
dielectric properties is an important concern for appropriate prod-
uct development. The relationship between rheological, structural
and dielectric properties has never previously been studied in any
food system.

The aim of this study was to analyze the performance of
different hydrocolloids (starchy and non-starchy) in white sauce
model systems in order to identify microwaveable formulations.
To this end, their dielectric, microstructure, and rheological prop-
erties were investigated and the relationships among them
established.

2. Materials and methods

2.1. Ingredients

Native corn starch (C Gel 03401) and modified waxy corn starch
(hydroxypropyl distarch phosphate, C Polar Tex 06748) from Carg-
ill, Inc., Minneapolis, USA; i-carrageenan (Secovis IS) and k-carra-
geenan (Secolacta BR) from Hispanagar, Burgos, Spain; j-
carrageenan (Satiagel RPI 740) from Degussa, Essen, Germany;
and sodium chloride from Panreac Química SAU, Barcelona, Spain
were used.

2.2. Sample preparation and experimental design

A typical method of preparing sauces was followed: each sam-
ple was prepared by weighing the corresponding amount of salt
and hydrocolloid (HC) and dissolving them in 100 g of water; this
mixture was placed in a cooking device (Thermomix TM 31, Wup-
pertal, Germany), heated to 90 �C (17 �C/min) at 2000 rpm and
kept at 90 �C at the same agitation speed for 6 min. The samples
obtained were stored in plastic bottles and refrigerated for 24 h be-
fore being analyzed.

Five model systems prepared with the different HCs and salt
were prepared and named as follows: native starch (NS), modified
starch (MS), i-carrageenan (iC), k-carrageenan (kC) and j-carra-
geenan (jC). Response surface methodology was used to study
the effect of two independent variables on the systems’ properties.
A central composite rotatable design with two factors (amount of
salt and amount of each HC) was employed and five levels of each

variable were chosen (Table 1). The systems studied were: native
or modified starch (1–6 g/100 g water), i or j-carrageenan (0.3–
0.8/100 g water) and k-carrageenan (0.8–1.6 g/100 g). One experi-
ment was conducted for each HC. The central point (samples 1–8)
and range of each system was established by measuring the appar-
ent viscosity ranges of the HC solutions.

2.3. Dielectric properties

The dielectric constant (e0) and the loss factor (e00) were deter-
mined at 2.45 GHz using an open-ended coaxial probe connected
to a network vectorial analyzer (Hewlett–Packard 85070 M, Hew-
lett Packard Company, Palo Alto (CA), United States). Each system
was measured in triplicate at two temperatures (20 �C and
40 �C). The network analyzer was calibrated with air, a metallic
short and water at 25 �C then recalibrated with water at the mea-
surement temperature just before the measurement was made to
ensure accuracy. The penetration depth (d) was determined
according to Eq. (1) (Datta and Anantheswaran, 2001):

d ¼ k0
2p
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where k0 = wavelength in free space (0.12237 m at a frequency of
2.45 GHz), e0 = dielectric constant and e00 = loss factor.

2.4. Cryo scanning electron microscopy (Cryo-SEM) and image
analysis

The samples were submerged in N2 slush at T 6 �210 �C and
were transferred to a Cryo-Trans (CT1x500C, Oxford Instruments
Ltd., Oxford, United Kingdom) coupled to a scanning electronic
microscope (Jeol JSM 5410, Tokyo, Japan) that works under freez-
ing conditions (T < �130 �C). The samples were sublimed at
�90 �C, covered with Au (0.2 kPa, 40 mA) and observed under the
microscope at 15 kV at a distance of 15 mm.

Table 1
Composition of the model systems, with various levels of HC (hydrocolloid) and salt
according to the surface response design.

Model system Sample HC
(g/100 g water)

Salt
(g/100 g water)

Native starch or
modified starch

1–8 3.5 4
9 3.5 7
10 3.5 1
11 1.7 1.9
12 1.7 6.1
13 6 4
14 5.3 6.1
15 1 4
16 5.3 1.9

i or j-Carrageenan 1–8 0.55 4
9 0.55 7
10 0.55 1
11 0.4 1.9
12 0.4 6.1
13 0.8 4
14 0.7 6.1
15 0.3 4
16 0.7 1.9

k-Carrageenan 1–8 1.2 4
9 1.2 7
10 1.2 1
11 0.9 1.9
12 0.9 6.1
13 1.6 4
14 1.5 6.1
15 0.8 4
16 1.5 1.9
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The images obtained through Cryo-SEM were analyzed using
Analysis AUTO software (Soft Imaging Systems GMBH, Munich,
Germany) to determine the size of the cells created after the sub-
limation of the samples.

2.5. Flow properties

Flow properties were studied with a controlled stress rheome-
ter (RheoStress 1, Thermo Haake, Karlsruhe, Germany) equipped

Fig. 1. Response surface plots of the loss factor variable (e’’) as a function of salt and HC contents. (A and F): native starch (NS); (B and G): modified starch (MS); (C and H):
icarrageenan; (D and I): k-carrageenan; (E and J): j-carrageenan. Measurements carried out at 20 �C (A–E) and at 40 �C (F–J).
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with a thermostatic bath (Phoenix, Thermo Haake, Karlsruhe, Ger-
many) to control the temperature. Serrated plate–plate geometries
with 35 mm diameter (for the more viscous samples) and 60 mm
(for the more liquid samples) were used. The gap between the
plates was fixed at 1 mm in all cases.

Flow curves were carried out at shear rates between 0.01 and
100 s�1 over a total time of 600 s at 20 �C. Three repetitions were
carried out on each sample. Viscosity versus shear rate data was
fitted to the Ostwald-de Waele model g ¼ k _cn�1 using the
Rheowin 3 Data Manager program (Thermo Haake, Karlsruhe,
Germany).

2.6. Statistical analysis

Analysis of variance (ANOVA) was performed on the data using
the Statgraphics Plus 5.1 software package (Statistical Graphics Co.,
Rockville, MD, USA) and an LSD test with a 95% confidence interval
to compare the test means.

3. Results and discussion

3.1. Dielectric properties

The loss factor (e00) (which influences the conversion of electro-
magnetic energy into thermal energy and, in consequence, the
receptiveness to heating) and the penetration depth (d) of the
microwaves (the distance where the microwave power decreased
to approx. 37% of its surface value) were analysed, as they were
considered the most important parameters for characterizing
microwave heating of the HC model samples.

3.1.1. Loss factor, e00.
Fig. 1 shows the response surface plot of e00 values at 20 �C and

40 �C for the different HC systems. The predictive regression mod-
els to explain the loss factor e00 as a function of salt and HC contents
at two different temperatures are given in Table 2. As expected, the
loss factor was significant and was positively affected (p < 0.05) by
the amount of salt present in all the model systems analyzed. Add-
ing salt to food systems with a high water content is known to in-
crease the e00. Bircan and Barringer (1998) observed that adding salt
to water caused a greater increase in the loss factor than that for
pure water. Piyasena et al. (2003) reported a significant increase
in the loss factor in corn starch solutions when the concentration
of salt increased (measured at different frequencies and tempera-
tures); this increase was attributed to the higher conductivity of
salt. Sakai et al. (2005) also observed an increase in the loss factor
as the concentration of salt increased in water and in 1% agar gels.

Regarding the influence of temperature, e00 values measured at
40 �C were significantly higher (p < 0.05) than those at 20 �C for

all model systems. Umbach et al. (1992) observed that heating
caused an increase in e00 values in various starch solutions. Similar
results were obtained by Piyasena et al. (2003) for corn starch solu-
tions when the temperature was increased from 20 �C to 80 �C at a
frequency of 10 MHz. In potato, wheat, corn, and waxy corn starch
slurries (5–30% w/w) at 2.75 GHz (Ryynänen et al., 1996) and in
wheat, tapioca, rice, corn, waxy corn and high-amylose starches
at 2.45 GHz (Ndife et al., 1998), it was found that when the starch
was already gelatinized, as in the present case, the mobility of
water increased with temperature and heating caused a slight in-
crease in the loss factor. Nelson et al. (1991) also observed that
the e00 of different powdered hydrocolloids (potato starch, locust
bean gum, gum arabic, carrageenan, and carboxymethyl cellulose)
increased with temperature over the range from 20 �C to 100 �C.

The effect of the HC concentration differed depending on the
model system. Higher quantities of both native (NS) and modified
(MS) starches significantly decreased the e00 values (p < 0.05).
Increasing the amount of starch in the system caused greater water
retention by the polymer chains and the change in the amount of
free water in these systems affected their dielectric properties.
However, no significant effect (p > 0.05) of concentration on e00 val-
ues was observed for carrageenan systems (i, k, or j), even though
these HCs also possess high water retention characteristics, so the
differences in dielectric behaviour may be induced by the polymer
charge and its network conformation.

3.1.2. Penetration depth, d
Fig. 2 shows the response surface plot of penetration depth at

20 �C and 40 �C for the different systems. Penetration depth (d) val-
ues were significantly lower (p < 0.05) in salt-enriched systems.
This observation was not surprising, since the penetration depth
is inversely related to the loss factor; however, other property such
as the dielectric constant are also involved in the d calculation. The
decrease in d with salt was also observed by Piyasena et al. (2003)
in corn starch solutions.

The predictive equations of d at 20 �C and 40 �C are shown in
Table 3. In general, these equations failed to find any association
between HC concentration and penetration depth. However, the
d values were significantly lower (p < 0.05) at the higher tempera-
ture in all the model systems.

3.2. Microstructure

The Cryo-SEM technique is based on fixing the structural com-
ponents of the samples physically, avoiding a dehydration step
when preparing the sample. This makes it possible to observe the
water distribution of the samples and the interaction between
the water and the different structural components.

Table 2
Predictive regression equations for the loss factor (e00) at 2.45 GHz at 20 �C and 40 �C.

Temperature Hydrocolloid Equation r2 Limits of the variables

a (g/100 g water) b (g/100 g water)

20 �C Native starch e00 = 16.9557 + 10.6399 a � 1.2767 b � 0.3324 a2 0.99 1–7 1–6
Modified starch e00 = 21.509 + 9.9005 a � 3.2381 b � 0.2244 a2 + 0.3357 b2 0.99 1–7 1–6
i-Carrageenan e00 = 12.3009 + 10.4488 a � 0.2061 a2 0.99 1–7 0.3–0.8
k-Carrageenan e00 = 15.0082 + 10.1083 a � 0.2008 a2 0.99 1–7 0.8–1.6
j-Carrageenan e00 = 18.18779 + 8.6080 a 0.98 1–7 0.3–0.8

40 �C Native starch e00 = 9.8339 + 14.9472 a + 0.6943 b � 0.4182 a2 � 0.6296 ab 0.99 1–7 1–6
Modified starch e00 = 14.7939 + 13.6262 a � 1.2027 b � 0.4495 a2 0.98 1–7 1–6
i-Carrageenan e00 = 10.3545 + 14.1741 a � 0.3711 a2 0.99 1–7 0.3–0.8
k-Carrageenan e00 = �3.14668 + 14.1055 a 0.97 1–7 0.8–1.6
j-Carrageenan e00 = 19.4181 + 9.8746 a 0.97 1–7 0.3–0.8

a, Salt; b, hydrocolloid.
Parameters that were not significant have not been included in the equation.
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Fig. 3 presents the structure of the samples prepared with dif-
ferent amounts of native or modified starch and the same amount
of salt (4 g). A cell matrix formed after the sublimation of superfi-
cial frost was observed; this phenomenon is an artefact which is
inherent to the Cryo-SEM technique and is known as the eutectic

artefact or the solute aggregation phenomenon (Llorca et al.,
2005). The size of the cells is related to the interaction among
the system components and water: the bigger the cell, the lower
the water-component interaction and the more free water avail-
able in the system.

Fig. 2. Response surface plots of the penetration depth variable (d) as a function of salt and HC contents. (A and F): native starch (NS); (B and G): modified starch (MS); (C and
H): i-carrageenan; (D and I): k-carrageenan; (E and J): j-carrageenan. Measurements carried out at 20 �C (A–E) and at 40 �C (F–J).
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In Fig. 3 it may be observed how the cell matrix formed during
sublimation of the sample became denser as the amount of starch
increased. The cells in Fig. 3A (sample prepared with 1 g of starch)
were larger than those in Fig. 3B (made with 3.5 g of starch) which,
in turn, were larger than those in Fig. 3C (6 g of starch). The same
occurred in samples prepared with modified starch (Fig. 3D–F).

In order to quantify the size of the cells in the micrographs
shown in Fig. 3, the respective areas were measured using image

analysis. Fig. 4 shows the means and the LSD intervals of the cell
areas in the samples prepared with the two types of starch. As
the amount of native starch increased, the cell area decreased; this
effect was significant (p < 0.05) in the samples prepared with 6 g of
starch when compared with those prepared with 1 or 3.5 g. The
same occurred with the modified starch. Thus, in both cases the
systems prepared with a greater amount of starch presented signif-
icantly (p < 0.05) smaller cell sizes, which would indicate a smaller

Table 3
Predictive regression equations for penetration depth (d) at 2.45 GHz at 20 �C and 40 �C.

Hydrocolloid Equation r2 Limits of the variables

a (g/100 g water) b (g/100 g water)

20 �C Native starch d = 0.9040 � 0.2083 a + 0.0167 a2 0.96 1–7 1–6
Modified starch d = 0.8377 � 0.1834 a + 0.0143 a2 0.96 1–7 1–6
i-Carrageenan d = 0.9205 � 0.2146 a + 0.017 a2 0.97 1–7 0.3–0.8
k-Carrageenan d = 0.8797 � 0.1981 a + 0.0155 a2 0.97 1–7 0.8–1.6
j-Carrageenan d = 0.8105 � 0.1782 a + 0.0139 a2 0.97 1–7 0.3–0.8

40 �C Native starch d = 0.7726 � 0.1815 a + 0.0061 b + 0.0144 a2 0.98 1–7 1–6
Modified starch d = 0.8384 � 0.2036 a + 0.0167 a2 0.96 1–7 1–6
i-Carrageenan d = 0.8503 � 2138 a + 0.0177 a2 0.95 1–7 0.3–0.8
k-Carrageenan d = 0.7546 � 1707 a + 0.0138 a2 0.90 1–7 0.8–1.6
j-Carrageenan d = 0.7716 � 0.1788 a + 0.0144 a2 0.97 1–7 0.3–0.8

a: Salt; b: hydrocolloid.
Parameters that were not significant have not been included in the equation.

Fig. 3. Cryo-SEM microphotographs. (A–C): systems prepared with 4 g of salt and 1 (A), 3.5 (B) and 6 (C) g of native starch (NS). (D–F): system prepared with 4 g of salt and 1
(D), 3.5 (E) and 6 (F) g of modified starch (MS). Magnification: � 2000.

Fig. 4. Mean values and LSD intervals for the cell areas in samples prepared with native and modified starches.
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presence of free water in the system. The higher water retention of
the starch polymers could be the cause of the significant (p < 0.05)

decrease in the loss factor as the proportion of starch per 100 g of
water increased.

Fig. 5. Cryo-SEM microphotographs. (A–C): system prepared with 4 g of salt and 0.3 (A), 0.55 (B) and 0.8 (C) g of i-carrageenan; (D–F): system prepared with 4 g of salt and
0.8 (D), 1.2 (E) and 1.6 (F) of k-carrageenan; (G–I): system prepared with 4 g of salt and 0.3 (G), 0.55 (H) and 0.8 (I) g of j-carrageenan. Magnification: � 2000.

Fig. 6. Response surface plots of the consistency index variable (k) as a function of salt and HC contents. (A) native starch (NS); (B) modified starch (MS); (C) i-carrageenan;
(D) k-carrageenan.
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Regarding the systems prepared with the different types of car-
rageenan, it was observed that an increase in the amount of HC did
not significantly influence the loss factor (p > 0.05) and that the
size of the cells did not vary when the quantity of thickener was
modified, as may be seen in Fig. 5.

3.3. Flow properties

In order to investigate the influence that the rheological proper-
ties (provided by the selected hydrocolloids) might have on the
dielectric properties, the flow properties were measured. Flow
properties are directly related to water status within the systems,
which is modulated by the binding capacity of the HC molecules.

In the shear rate range studied, the viscosity data were well ad-
justed to the Ostwald-de Waele model (g ¼ k _cn�1). The consistency
index (k) is the parameter of the Ostwald-deWaele model that rep-
resents the resistance to flow. Fig. 6 shows the response surface
plots for the different model systems. All the HCs showed signifi-
cant (p < 0.05) positive effects on the k index, i.e. an increase in
their concentration increased the consistency index of the system
(indeed, all the HCs are used as thickening agents in the food
industry). NS produced higher k values than MS, and kC higher
than iC.

Salt had a significant (p < 0.05) negative effect on the consis-
tency index in the NS and kC samples; however, as a result of sig-
nificant interactions between the salt and the thickener, an
increase in the consistency index was observed when the salt lev-
els were high (7 g/100 g) and the thickener levels were low (1 g/
100 g in NS and 0.8 g/100 g in kC). Starch, unlike carrageenan, does
not contain groups that can be ionized, so in principle it should not
be so sensitive to salt. However, it has been reported that the
starch in starch systems is affected by high concentrations of ions
such as phosphates, acetate, chloride, citrate, sulphate and tartrate
and positive ions like sodium or calcium (Thomas and Atwell,
1999). The effect of salt on NS could be explained as resulting from
competition between the salt and the starch for the available
water, which would limit the swelling of the native starch gran-
ules, decreasing the consistency they provide to the system. Unlike

the NS samples, in the MS systems salt was not a significant factor
for variation of k values (p > 0.05).

Regarding iCS, it was observed that salt had a significant
(p < 0.05) positive effect. Michel et al. (1997) demonstrated that
the dynamic elastic modulus (which indicates the rigidity of a
material) depended on the concentration and nature of the positive
ion in contact with i-carrageenan. Since carrageenan molecules
contain sulphate groups and repulsion prevents the formation of
chain aggregates, it is not surprising that the rheological properties
were influenced by the addition of positive ions that protect sul-
phate groups from electrostatic repulsion. For this reason, adding
positive ions can enlarge the crystalline region of the i-carrageenan
network and expand the elasticity module (Michel et al., 1997).
This fact would explain the positive effect of salt on the consistency
index. k-Carrageenan does not gel because it has more negative
charges in its chemical structure: as this would limit the expansion
of crystalline areas in the net, its consistency does not increase.

All the flow index (n) values obtained for all the samples (Fig. 7)
were below 1, confirming that the samples behaved as shear thin-
ning fluids in which viscosity decreases as shear rate increases.

A comparison of the two types of starch showed different shear
thinning behaviour. This difference indicates a structural differ-
ence between the two starch types, as shown by the different ef-
fects of salt. In the case of the NS, the gelatinized starch granules
did not resist heating and broke, resulting in the solubilisation of
amylose and amylopectin. In the case of MS the structure corre-
sponded to a particulated system formed by swollen starch gran-
ules that had resisted heating without breaking as a result of
their modification through cross linking and substitution.

Systems with carrageenan presented greater shear thinning
behaviour (n closer to 0) than starch systems, proving their greater
structural complexity. When comparing the different systems pre-
pared with carrageenan, iCS presented higher shear thinning
behaviour than kCS. A higher concentration of j-carrageenan
formed strong, rigid gels, making it impossible to determine flow
properties in these samples (it was not possible to plot their re-
sponse surfaces).

The effects of HC and salt concentration on shear thinning
behaviour were variable. When the amount of salt in the sample

Fig. 7. Response surface plots of the flow index variable (n) in relation to the quantity of salt and HC. (A) native starch (NS); (B) modified starch (MS); (C) i-carrageenan;
(D) k-carrageenan.
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was small, an increase in the quantity of HC resulted in a decrease
in the flow index of all the systems except kCS. With a medium le-
vel of salt, the flow index continued to decrease as the amount of
HC increased, except in the MS systems. Finally, when the content
of salt was high, at higher HC levels the flow index decreased in the
NS system but increased in the MS, while no definite tendency was
appreciated in the iC and kC. The predictive equations of consis-
tency index (k) and flow index (n) are shown in Tables 4 and 5. Pre-
dictive flow index equations of iCS and kCS are not shown due to a
lack in statistical significance of parameters.

In short, the combined effects of salt and HC concentration on
the flow index were very difficult to determine and could not be
generalized for the different model systems studied. Looking at
the way that dielectric properties varied with the salt and HC con-
tents (Figs. 1 and 2), it is not difficult to conclude that salt is notice-
ably the most important factor in the variations in these properties
and that while the fraction of the water molecules that could be
more or less bonded to the polymer chains determined the rheo-
logical behaviour of the systems studied, it did not play an impor-
tant role in their dielectric behaviour.

4. Conclusions

Corn starches (both native and modified) caused a significant
decrease in the loss factor (p < 0.05) when increasing their concen-
tration. This has a negative effect on microwave heating efficiency,
but it did not significantly affect the penetration depth (p > 0.05).
The decrease in the loss factor was related to a decrease of free
water in the system. Cryo-SEM proved to be a valuable tool for con-
firming the existence of free water at a microstructural level. Car-
rageenan (i, k y j-carrageenan) did not significantly affect the loss
factor (p > 0.05), so it could be suitable for use as a partial replace-
ment for different types of starch to minimize the negative effect of
starch in microwaveable formulations.

Salt was a positive factor for the loss factor but a negative one
for penetration depth, so it could be useful to adjust its dosage as
a way to optimize microwave heating for the type of product being
prepared.

The systems’ flow properties and the dielectric properties of the
different systems showed no direct relation. In the starch systems,
the decrease in free water and in the loss factor was related to an
increase in consistency. In the carrageenan systems, consistency
was not related to the system’s free water and consequently was

not related to dielectric properties either. The influence of salt in
dielectric properties was neither explained as a consequence of
changes in flow properties.
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Microwave Heating Effect on Rheology
and Microstructure of White Sauces
Luis M. Guardeño, Teresa Sanz, Susana M. Fiszman, Amparo Quiles, and Isabel Hernando

Abstract: The microstructure and rheological properties of white sauces formulated with different starches were
analyzed after being microwave-heated for different times. Significant differences (P < 0.05) in rheological parame-
ters analyzed—storage modulus (G′), loss modulus (G′′), and loss tangent (tan δ)—were obtained for sauces made with
different starches. Microwave reheating did not affect G′ and G′′ values until water evaporation became significant. In
addition, tan δ values did not change significantly (P < 0.05) even during long reheating times showing that sauce
viscoelastic properties did not change after microwave irradiation. However, microstructure assessed by confocal laser
scanning microscopy showed changes in fat globule and protein. These microstructural changes did not seem to have a
significant effect on rheological measurements since starch and ι-carrageenan are mainly responsible for the viscoelastic
behavior of the sauces.

Keywords: confocal laser scanning microscopy, microwave, rheology, starch, white sauce

Practical Application: The development of products appropriate to microwave heating is constantly rising in food industry.
It is necessary to understand the behavior of the ingredients and the final product to microwave heating in order to choose
those ingredients which will develop the best performance. Starches are common ingredients in industrial sauces, and
rheological and microstructural techniques have shown their usefulness in characterization of starch-based systems.

Introduction
The ready-to-eat meal sector has grown to currently become

one of the most successful areas in food industry. This is mainly
due to the new consumption habits characterized by an increased
demand for products which are easy to prepare and consume and
do not sacrifice sensory quality. In this context, microwave oven
has become an indispensable appliance in every home due to its
ease of use and quickness in preparing such foodstuff.

Some commercial ready-to-eat products include sauces and
dressings in their formulation. These liquid media are subjected to
industrial processing in which heating and agitation stages lead to
significant chemical and physical changes in raw ingredients until
the final product is achieved. Moreover, these products withstand
freezing or refrigeration conditions until they reach the final con-
sumer. In order to maintain desirable appearance, texture, and sta-
bility throughout the product shelf life, these products usually have
hydrocolloids and modified starches in their formulation (Sikora
and others 2008; Mason 2009); moreover, the current demand for
natural, clean-label foods has promoted the use of native starches
(Arocas and others 2009a). These ingredients are able to bind wa-
ter molecules forming a complex matrix in which interactions
with other food components are crucial to understand product
rheological and organoleptic behavior (Sikora and others 2008).
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In white sauces, physicochemical transformations mainly com-
prise those related to starch gelatinization, protein aggregation, fat
globule distribution, and interactions between hydrocolloids and
the water phase. These changes depend on the composition of the
sauce as well as the time and temperature of cooking. Further-
more, in the case of ready-to-eat products, which usually undergo
extra reheating processes, the use of different formulations could
improve the behavior of the product when it is subjected to dif-
ferent treatments. This is especially important when the treatment
involves microwave irradiation (Guardeño and others 2010).

Many studies have focussed on the rheological properties of dif-
ferent starch-based systems subjected to different shear and thermal
conditions. Thebaudin and others (1998) investigated the effect of
thermal treatment on the textural characteristics of a béchamel
sauce prepared with different starches—corn, wheat, and rice.
Arocas and others (2009a, 2009b) compared the freeze/thaw and
heating stability of model white sauces made with different corn
starches and prepared with different shearing conditions. The in-
fluence of nonstarch ingredients on rheological behavior of dif-
ferent mixtures has also been studied (Tárrega and others 2005;
Vu Dang and others 2009). Heyman and others (2010) investigated
the effects of nonstarch hydrocolloids—guar gum, xanthan gum,
and carboxymethylcellulose—on the physicochemical properties
and stability of béchamel sauces after refrigeration. Nevertheless,
little research has been done on the effect of microwave irradia-
tion over starch-based systems. Goebel and others (1984), Palav
and Seetharaman (2006, 2007), and Bilbao-Sáinz and others (2007)
have focused their studies on the differences in gelatinization of
wheat starch dispersions under microwave or conventional heating.

On the other hand, microstructure analysis and microscopic
techniques have given the opportunity of linking food structure
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to properties and understanding basic mechanisms of physico-
chemical changes (Aguilera 2005). In this context, confocal laser
scanning microscopy (CLSM) has became a powerful tool which
allows us to identify different components because of specific
dyes and their fluorescent excitation–emission features (Ferrando
and Spiess 2000). Besides, CLSM makes it possible to create
three-dimensional (3D) images of the samples which provide more
accurate microstructure information (Gunasekaran and Ding
1999). In the last decade, CLSM has been thoroughly employed
to study the microstructure of different food systems. Arltoft and
others (2007a) studied the interaction between carrageenan and
milk proteins mixtures. Auty and others (2001) analyzed the dis-
tribution of fat and protein in dairy products. CLSM has also been
used to analyze wheat products, such as wheat dough, bread, and
pasta (Dürrenberger and others 2001), and to visualize biopoly-
mer mixtures, such as gelatine, whey protein, dextran, gellan gum,
gum arabic, and starch, by covalent and noncovalent labeling tech-
niques (Tromp and others 2001; van de Velde and others 2003).
More specifically, van de Velde and others (2002) have successfully
reported that CLSM is an easy tool to monitor the gelatinization
process. However, to the best of our knowledge, no studies of
white sauce microstructure using CLSM have been carried out.

Since there is a lack of information about how microwave re-
heating affects the rheological and microstructural characteristics
of starch-based sauces, the aim of this study was to analyze the
effect of microwave reheating time in white sauce properties for-
mulated with native and modified starches by means of the study
of their linear viscoelastic properties and their microstructure.

Materials and Methods

Starches
Five different corn starches were used: native starch (NS) (C

Gel 03401), native waxy starch (WS) (C Gel 04201), cross-linked
acetylated distarch adipate (CAS) (C Tex 06205), cross-linked hy-
droxypropyl distarch phosphate (CHS) (C Polar Tex 06741), and
highly cross-linked hydroxypropyl distarch phosphate (HCHS) (C
Polar Tex 06748) from Cargill, Inc. (Minneapolis, Minn., U.S.A.).
The starches were selected in order to compare waxy and nor-
mal native starches and different starch chemical modifications:
substitution (acetyl and hydroxypropyl starches) and cross-linking
(adipate and phosphate diester linkage) at different levels.

Sample preparation
The white sauce consisted of powdered skimmed milk (9.3%

w/w) (Central Lechera Asturiana, Asturias, Spain), starch (3.5%
w/w), sunflower oil (2.5% w/w) (Koipesol R©, SOS-Cuétara
S.A, Madrid, Spain), ι-carrageenan (0.5% w/w) (Secovis IS R©,
Hispanagar, Burgos, Spain), sodium chloride (0.4% w/w)
(Panreac Quı́mica SAU, Barcelona, Spain), and water up to 100%
w/w. The samples were prepared according to Arocas and others
(2009b). Briefly, all ingredients were placed into a cooking device
(Thermomix TM 31, Wuppertal, Germany) heated up to 90 ◦C
(17 ◦C/min) at 1100 rpm and kept at 90 ◦C at the same agitation
speed for 6 min. The samples were stored in Pyrex glass bottles
(300 g).

The analyses of freshly made samples were performed after cool-
ing them down to room temperature. The study of the effect of
microwave reheating was performed with previously refrigerated
(24 h) samples. After microwave reheating, the samples were ho-
mogenized in the Pyrex bottles by stirring them with a spoon for
3 s. Then, subsamples were randomly taken from different areas

of the bottles with a plastic Pasteur pipette for microstructural
analyses and with a spatula for viscoelastic measurements.

Microwave reheating
Different batches of samples (300 g) were heated for 60, 90, 120,

180, 300, and 480 s in a microwave oven (Optimo R©, Moulinex,
Paris, France) at 900 W and 2.45 GHz. The samples were covered
with a drilled plastic cap during the heating process and after
heating they were cooled down to room temperature until being
analyzed.

Linear viscoelastic properties
The linear viscoelastic properties of the white sauces were stud-

ied using small amplitude oscillatory shear with a controlled stress
rheometer (RheoStress 1 R©, Thermo Haake, Karlsruhe, Germany)
equipped with a thermostatic bath (Phoenix R©, Thermo Haake,
Karlsruhe, Germany) to control the test temperature (20 ◦C). Ser-
rated plate–plate geometry with 35-mm diameter was used. The
gap between the plates was 1 mm. The samples remained 10 min
between the plates as equilibration time prior to analysis.

Stress sweep tests were carried out at a frequency of 1 Hz to
determine the extension of the linear viscoelastic response and
frequency sweep tests at 10 to 0.01 Hz at a stress wave amplitude
within the linear region. Values of the storage modulus, the loss
modulus, and the loss tangent were recorded. The storage or elastic
modulus (G′) is a measure of the energy stored and recovered per
cycle of sinusoidal deformation. The loss or viscous modulus (G′′)
is a measure of the energy dissipated or lost as heat per cycle of
sinusoidal deformation. The loss tangent (tan δ = G′′/G′) is a
measure of the ratio of energy lost to energy stored in a cycle
deformation.

The dependence of G′ on frequency was adjusted to the fol-
lowing power law equation:

G′ = k f n , (1)

where n is the power law index which provides an indication
of the frequency dependence of G′. Values of n = 1 indicate a
linear dependence on frequency, and values of n = 0 indicate no
frequency dependence.

Confocal laser scanning microscopy and image analysis
Equipment and dyes. The microstructural study was per-

formed using CLSM. A Nikon confocal microscope C1 unit
that was fitted on a Nikon Eclipse E800 R© microscope was used
(Nikon, Tokyo, Japan). An Ar laser line (488 nm) was employed as
a light source to excite fluorescent dyes rhodamine B and Nile red.
Rhodamine B (Fluka, Sigma-Aldrich, St. Louis, Mo., U.S.A.) with
λexmax 488 nm and λemmax 580 nm was solubilized in distilled
water at 1 g/L. This dye was used to stain proteins and starch.
Nile red (Fluka, Sigma-Aldrich) with λexmax 488 nm and λemmax

515 nm was solubilized in PEG 200 at 0.1 g/L. This dye was used
to stain fat.

Two razor blades (platinum coated double edge blades with
100-μm thickness) were stuck to a glass slide (Pateras and others
1994). By this mean it was possible to assure a sufficient thick-
ness to visualize the sample without deforming the native sample
structure when putting the cover. A 60×/1.40NA/Oil/Plan Apo
VC Nikon objective lens was used.
Sample visualization. A drop of the sample was placed on

the slide and stained with 20 μL of rhodamine B solution and
20 μL of Nile red solution. Stacks of images were obtained
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by automatically scanning 20 μm depth through the sample.
The separation between observation planes was kept at 0.4 μm.
Fifty-one adjacent planes were observed and stored as images with
1024 × 1024 pixel resolution using the microscope software (EZ-
C1 v.3.40, Nikon). 2D images were randomly acquired and stored
with the same resolution.
Image analysis. The CLSM images were processed and an-

alyzed using the software ImageJ (National Institutes of Health,
Bethesda, Md., U.S.A.). Fifteen randomly acquired CLSM images
were binarized after greyscale threshold segmentation. Fat globule
area (μm2) was automatically determined from the binarized im-
ages. Since fat globule area did not show a normal distribution in
every sauce system, the 80th percentile (P80) of the globule area
was used as the parameter which better represented the fat globule
size. P80 indicated that 80% of the globules in each image had an
area below this value.

Morphological features of the samples were directly visualized
from 2D images and after 3D reconstruction of stacks from 2D
images.

Temperature measurements during microwave treatment.
The temperature during microwave heating was measured by

positioning the tip of an ST3 optical fiber probe connected to
a signal conditioner FOTEMP1-OEM R© (OPTICOM, Dresden,
Germany) in the middle of the sample container. The probe was
inserted through the drilled plastic cap and was fixed with tape.

Sample moisture after microwave treatment.
Sample moisture content was calculated as weight loss after

freeze-drying for 36 h at –45 ◦C/1.3 × 10−3 mPa in a vacuum
lyophilizer (Telstar lioalfa-6 R©, Telstar, Terrassa, Spain).

Statistical data analysis.
Analysis of variance was performed on the data using the

Statgraphics Plus 5.1 software package (Statistical Graphics Co.,
Rockville, Md., U.S.A.). Least significant difference (LSD) Fisher’s
test was used to evaluate mean values differences (P < 0.05).

Results and Discussion

Mechanical spectra
A representative example of the frequency dependence of G′

and G′′ (mechanical spectra) of the different sauces—freshly made
and after being microwave-reheated during 120 s—is shown in
Figure 1. In addition, values of G′, G′′, and tan δ at a frequency of
1 Hz at 20 ◦C of all types of sauces and reheating times are shown
in Table 1. For all the sauces the mechanical spectra revealed the
existence of soft gels, with values of G′ higher than values of
G′′. A material that is frequency independent over a large time
scale range is solid like; a true gel is such a material. In contrast,
strong frequency dependence suggests a material structure with
molecular entanglements that behaves more like a solid at higher
frequencies and more like a liquid at lower frequencies (Rosalina
and Bhattacharya 2002). The frequency dependence of G′ was
well adjusted to a power law equation (Eq. 1) in all the cases, with
values of the power law index which varied from 0.06 to 0.16
implying a weak frequency dependence throughout the frequency
range measured. A similar frequency dependence was previously
found in white sauces by other authors (Mandala and others 2004;
Arocas and others 2009b).

Influence of the type of starch: freshly made white sauces
The mechanical spectra of the freshly made white sauces

(Figure 1A) showed clear differences among the native starch and T
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the modified starch sauces. G′ and G′′ values (Table 1) of both NS
and WS sauces were significantly lower than the values of all the
modified starch sauces. Also, the tan δ values of the native starch
sauces revealed the existence of less viscoelastic systems with val-
ues of tan δ significantly higher than those of the modified starch
sauces. These results revealed the existence of structure differences
between native and modified starches, as later confirmed by the
microstructure observation.

As for the comparison between both native starches, the WS
white sauce showed lower G′ and G′′ values and higher tan δ
(value closer to 1) than the NS one, revealing the less elastic
properties of the former. The lower elasticity of the white sauces
prepared with waxy corn starch in comparison with normal corn
starch was also previously observed by Arocas and others (2010).
The effect was attributed to a high sensitivity of waxy starch to
shearing conditions because of its lower granular rigidity.

Among the modified starch sauces, the acetylated starch white
sauce (CAS) showed significantly lower G′ and G′′ values than

both hydroxypropyl starch sauces (CHS and HCHS), the G′ and
G′′ values of HCHS being significantly the highest. Arocas and
others (2009b) also found that white sauces formulated with acety-
lated starch had lower G′ and G′′ values than those formulated
with hydroxypropyl starch. Similar results were found by Tárrega
and others (2005) in milk–starch mixtures. Hydroxypropyl groups
weaken the internal bond structure of the granules promoting wa-
ter penetration (Gunaratne and Corke 2007). Since hydroxypropyl
groups are more hydrophilic than acetyl ones, they could retain
water in a greater extent and so granules in hydroxypropyl starches
have a greater swelling power before disintegrate. This could ex-
plain the highest consistency of sauces containing hydroxypropyl
substituted starches.

Influence of reheating time
Both native andmodified starches were stable for reheating treat-

ment until long microwave treatment is applied (Table 1). Changes

Figure 1–Mechanical spectra of sauces containing
different corn starches: (A) freshly made sauces; (B)
sauces after 120 s of microwave reheating. NS,
native starch; WS, native waxy starch; CAS,
cross-linked acetylated distarch adipate; CHS,
cross-linked hydroxypropyl distarch phosphate;
HCHS, highly cross-linked hydroxypropyl distarch
phosphate.
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in the rheological parameter values (G′, G′′) due to reheating were
significant only when long reheating times were applied (300 s for
modified starches and 480 s for native starches). Before 300 s of
microwave reheating, all the sauces maintained their rheological
parameters, but once 300 s was reached for modified starches and
480 s for native starches G′ and G′′ values increased significantly
(P < 0.05).

In Table 2, the moisture content (%) of the sauces after the
different reheating times is shown. An inverse relationship between
water loss and G′ and G′′ values was observed. The changes in the
viscoelastic behavior of the sauces occurred only when water loss
by evaporation was significant.

The temperature profiles of the different sauces submitted to
microwave heating are shown in Figure 2. As can be noticed,
there were 2 different heating patterns. Sauces made with native
starches (NS andWS) reached high temperatures sooner than those
made with modified ones (CAS, CHS, and HCHS). Tattiyakul and
others (2002) have shown that heat-transfer rate in cross-linked
waxy corn starch dispersions submitted to conventional heating
was slower than in normal corn starch dispersions. This fact was
related to the higher viscosities reached in the former due to the
high volume fraction of swollen starch granules.

However, the native starches showed lower water loss in compar-
ison with modified ones (Table 2). The different water retention
properties among the native and the modified starch sauces can
be explained due to their different structure. Native starch gran-
ules disintegrate during white sauce manufacturing releasing the
soluble starch polymers to the continuous phase. The soluble starch
(mainly amylopectin) may interact with water molecules further
avoiding water evaporation during reheating.

The fact that the observed changes in G′ and G′′ values upon
long reheating times (300 and 480 s) were due to water loss rather
than to a change in the sauce structure was also supported by
the fact that the tan δ values were not affected, denoting that no
substantial change in the type of structure occurred.

The stability of the white sauce viscoelastic properties during
microwave reheating was in agreement with previous results from
Arocas and others (2009b) where conventional heating was carried
out. These authors had shown that the G′ and G′′ values of freshly
made white sauce samples did not change during heating in situ in
the rheometer plate.

CLSM and image analysis
Figure 3 shows micrographs of the different sauces analyzed.

Nile red highlights fat globules in green color; however, the in-

tensity of the signal collected declined quickly as a consequence
of photobleaching (Herbert and others 1999; Heilig and others
2009). This is the reason why in some images—for example, sam-
ples elaborated with WS and heated for prolonged time—the fat
globules are observed as black holes. Rhodamine B has the ca-
pacity to stain starch and protein phases in red but appears to
have higher affinity for the latter (Tromp and others 2001; van
de Velde and others 2002). Thus, this fact must be taken into
account when analyzing the structures of white sauces since pro-
tein and starch can be distinguished by the intensity of the signal
collected.

The NS sauces show a complex matrix composed mainly of
protein in bright red and polysaccharides in dark red. Most
of these polysaccharides are amylose and amylopectin leached
from the granules that have been disintegrated during the cook-
ing process. The starch polymers are distributed along with
ι-carrageenan and milk protein. Garnier and others (2003) showed
in casein/ι-carrageenan mixtures observed by CLSM that casein
appeared concentrated in aggregates and ι-carrageenan was located
in dark areas constituting the continuous phase. Arltoft and others
(2007a,b) observed by CLSM a gelled network of carrageenan
connecting and stabilizing protein aggregates in a dairy dessert
made of carrageenan and starch and in carrageenan-milk gels. In
the present study, fat globules were observed in green, homoge-
nously dispersed and associated with the protein phase. A similar
fat distribution was observed by Auty and others (2001) in pro-
cessed cheese. As heating time increased, protein aggregates were
formed but no significant differences in fat globule size were ob-
served (Table 3). Samples with WS showed a similar structure to
NS ones not showing apparent differences in the protein matrix

Table 3–Mean values of the 80th percentiles of fat globule area (μm2)
of freshly made and 480 s microwave-reheated sauces.

Type of starch
Reheating
time (s) NS WS CAS CHS HCHS

Freshly made 6.32a 9.62a 10.86a 9.68a 9.99a

(0.97) (0.85) (3.01) (3.31) (1.59)
480 7.66a 9.28a 11.54a 15.99b 27.89b

(0.99) (1.94) (2.27) (4.34) (9.46)

Values between parentheses are the standard deviations.
ab Values with different letters within the same column are significantly different (P <
0.05) according to the LSD multiple range test.
Type of corn starch: NS, native starch; WS, native waxy starch; CAS, cross-linked acety-
lated distarch adipate; CHS, cross-linked hydroxypropyl distarch phosphate; HCHS, highly
cross-linked hydroxypropyl distarch phosphate.

Table 2–Moisture content (%) for the different sauces and reheating times.

Reheating time (s)

Type of starch
Freshly
made 60 90 120 180 300 480

NS 83.6AB
a 83.9B

a 83.8B
a 83.7B

a 83.4AB
a 83.1BC

a 83.0C
a

(0.3) (0.1) (0.3) (0.1) (0.0) (0.1) (0.3)
WS 84.1A

a 84.1A
a 83.8A

a 83.9A
a 84.0A

b 83.7A
a 82.5B

a

(0.3) (0.1) (0.9) (0.4) (0.2) (0.5) (0.4)
CAS 83.9A

a 83.8A
a 83.8A

a 84.0A
a 83.7A

ab 81.4B
b 79.8C

b

(0.1) (0.2) (0.2) (0.0) (0.2) (0.1) (0.1)
CHS 83.8A

a 83.6A
a 83.9A

a 83.8A
a 83.7A

ab 81.4B
b 78.2C

c

(0.1) (0.7) (0.2) (0.0) (0.1) (0.3) (0.0)
HCHS 83.9AB

a 84.1B
a 84.0B

a 83.9AB
a 83.6AC

ab 83.5C
a 78.6D

c

(0.1) (0.1) (0.1) (0.0) (0.3) (0.1) (0.1)

Values between parentheses are the standard deviations.
ABC Values with different letters within the same row are significantly different (P < 0.05) according to the LSD multiple range test.
abc Values with different letters within the same column are significantly different (P < 0.05) according to the LSD multiple range test.
Type of corn starch: NS, native starch; WS, native waxy starch; CAS, cross-linked acetylated distarch adipate; CHS, cross-linked hydroxypropyl distarch phosphate; HCHS, highly
cross-linked hydroxypropyl distarch phosphate.
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and in the fat globule size (Table 3). Therefore, due to the possibil-
ity of preserving the globule size during reheating, the use of both
NS and WS starches could be used to retain the creaminess of the
sauces during reheating. Richardson and Booth (1993) suggested
that high density of even small-sized globules in dairy homoge-
nized products, together with the sensation of thickness generated
by a sufficient viscosity, is necessary to give a realistic sensation of
creaminess. Moreover, de Wijk and others (2006) suggested that
creaminess in semisolid starch-based foods can be improved by the
presence of small and stable fat droplets.

Samples with CHS and HCHS showed swollen starch granules
and a protein matrix associated with fat globules. As heating time
increased, protein tended to aggregate and the size of fat globules
increased significantly due to coalescence (Table 3). Sauces con-
taining CAS showed an intermediate structure between native and
the hydroxypropyl distarch phosphate starches, since starch gran-
ules do not swell as they do in CHS and HCHS and fat globules’
size showed no significant differences as heating time increased
(Table 3). This intermediate structure could be related to the dif-
ferent chemical modifications in the starch. Mason (2009) stated
that hydroxypropyl substitution was more stable to prolonged high
temperature than acetylation since hydroxypropyl groups appeared
to create more steric hindrance. This could explain the higher
granule swelling power of CHS and HCHS before rupture which
could also be related to the higher consistency of sauces formulated
with these types of starch as previously reported.

Figure 4 shows 3D reconstructions of image stacks of sauces
made with different starches (fresh and 300 s microwave reheated
sauces). The 3D visualization permits to better understand mi-
crostructure of samples since it is possible to analyze the shape of
swollen starch granules, fat globules, and protein aggregates. As can
be seen, fat globules showed a spherical shape while starch gran-
ules remained with an irregular size and shape acting as a dispersed
phase. Moreover, starch granules in modified starch-based sauces
did not show an apparent increase in their size after microwave
reheating which supports the idea that starch granules are cooked
properly in sauce elaboration, and no further structural changes
are achieved when subjected to microwave reheating. However, fat

globule size increased in reheated sauces made with hydroxypropyl
modified starches.

These results showed that the swelling of the modified starch
granules favored protein aggregation. As fat globules are associ-
ated with the protein phase, the protein aggregation favors the
fat globules to coalesce, increasing their size. Finally, similari-
ties between NS and WS sauces indicated that the distribution
and size of fat globules and matrix microstructure are indepen-
dent of the proportion between the starch polymers (amylose and
amylopectin).

Conclusions
Changes in rheological parameters only occurred after long mi-

crowave reheating and were associated with dehydration rather
than with structural changes in the sauces, that is, samples did not
show significant changes in tan δ. The water loss during heating
was lower in native starch sauces than in modified ones which
could be explained by a higher interaction between leached starch
polymers and water, once starch granule is disintegrated in native
starch sauces. The rheological parameters were almost constant
until 300 s of microwave reheating. This could be explained be-
cause starch and ι-carrageenan, which are mainly responsible for
the rheological behavior, were not affected by reheating.

CLSMwas a useful tool to visualize differences in starch swelling
stages depending on the type of starch, as well as fat globule
size and distribution and degree of protein aggregation. The
main structural changes occurring during heating were due to
changes in fat and protein phases. These changes were more ev-
ident when modified starches were used in the formulation of
the sauces as granule swelling favored protein aggregation and fat
coalescence.

In native starch sauces (NS and WS) fat globules were
maintained homogenously dispersed within the sauce matrix.
Moreover, fat globules’ size was maintained regardless of the
reheating time the sauces were subjected to. This fact is notice-
able since small and homogeneously dispersed fat droplets could
improve creaminess perception, especially in low-fat starch-based
sauces.

Figure 2–Time–temperature profiles of sauces
containing different corn starches (3.5% w/w)
submitted to microwave heating. NS, native
starch; WS, native waxy starch; CAS,
cross-linked acetylated distarch adipate; CHS,
cross-linked hydroxypropyl distarch phosphate;
HCHS, highly cross-linked hydroxypropyl
distarch phosphate.
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Figure 3–Micrographs of the sauces elaborated with different corn starches after different reheating times. In columns, sauces with different starches:
NS, native starch; WS, native waxy starch; CAS, cross-linked acetylated distarch adipate; CHS, cross-linked hydroxypropyl distarch phosphate; HCHS,
highly cross-linked hydroxypropyl distarch phosphate. In rows, different reheating times (in seconds). FM: freshly made; f: fat globule; S: starch granule.
Scale bar: 50 μm.
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Figure 4–3D reconstruction of image stacks from samples formulated with different corn starches: (A, B) native starch; (C, D) waxy starch; (E, F) cross-
linked acetylated distarch adipate; (G, H) cross-linked hydroxypropyl distarch phosphate; (I, J) highly cross-linked hydroxypropyl distarch phosphate. (A,
C, E, G, I) Freshly made samples; (B, D, F, H, J) microwave-reheated samples during 300 s. f: Fat globule; S: starch granule. 3D reconstruction dimensions:
100 × 100 × 20 μm.
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Abstract: Proteins, lipids and structural changes in white sauces after being stored at –18°C and thawed by microwave 

and conventional oven were studied in this work. The total crude and soluble protein fractions were quantified by 

N-Kjeldahl. The acidity grade and oxidation spectrophotometric parameters (k
232

 and k
270

) were used to analyse the 

lipid fraction. In addition, confocal scanning laser microscopy (CSLM) was used to study the structure of the sauce. The 

results showed that the total crude protein fraction increased in the thawed samples if compared to the freshly-prepared 

samples, mainly when microwave oven was used. However, the soluble protein fraction did not vary significantly (P < 

0.05) among the different samples. Regarding the lipid changes, the acidity index did not show significant differences 

among the samples. K
232

 values of the microwave-thawed samples differed significantly from the freshly-prepared and 

the conventional-thawed samples. Furthermore, k
270

 values were significantly different between the samples thawed 

using the conventional oven and the freshly-prepared ones. CSLM images showed degradation of the starch granules 

and an increase of size in the fat globules due to thawing. 

Keywords: sauce; microwave; thawing; microstructure; CSLM; chemical changes

INTRODUCTION

Nowadays, ready-to-eat meals have consolidated 

as a common option to eat, due to the lack of time 

for cooking. The use of microwave oven (MO) has 

risen as a quick method to prepare, thaw or reheat 

foodstuffs. The effects of microwave heating on 

the food components can differ from those pro-

duced by conventional heating. The main studies 

relating the effects of microwave to changes on 

food components have been found on oils (Albi 

et al. 1997; Yoshida et al. 2003; Malheiro et al. 

2009). It has been speculated that free radicals 

can be formed by exposure to microwave energy 

(Albi et al. 1997) and it was found that the rate of 

oxidation, depends on the polyunsaturated fatty 

acid content (Hassanein et al. 2003).

Regarding microstructure, there are some stud-

ies about the effect of microwaves on textural and 

microstructural properties of starch-water model 

systems (Palav & Seetharaman 2006; Bilbao-

Sáinz 2007). Differences in gelatinisation process 

under conventional or microwave heating are 

analysed in these studies. However, there is a lack 

of information about the effect of microwaves on 

other food matrices.

The objective of this study is to investigate dif-

ferences on chemical and microstructural charac-

teristics of white sauces under different thawing 

methods.

MATERIALS AND METHODS

Materials and sample preparation. The white 

sauce consisted of modified waxy corn starch 

(3.5%w/w) (hydroxypropyl distarch phosphate, 

Polar Tex 06748, Cargill, Inc., USA), τ-carrageen-

an (0.50% w/w) (Secovis IS, Hispanagar, Burgos, 

Spain), skimmed milk powder (9.30% w/w) (Central 

Lechera Asturiana, Asturias, Spain), sunflower oil 

(2.55% w/w) (Koipesol, SOS Cuétara S.A., Madrid, 

Spain), sodium chloride (0.40% w/w) (Panreac 
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Química SAU, Barcelona, Spain) and water up to 

100% w/w. Samples were prepared according to 

Arocas et al. (2009). Samples (300 g) were fro-

zen at –18°C for a week. A batch of samples was 

thawed in a microwave oven (Moulinex Optimo, 

Paris, France) at 700 W for 6 min, and another 

batch was thawed in a conventional oven (Fagor 

2CF-3V, Guipúzcoa, Spain) at 220°C for 30 min, 

until the samples were totally thawed. 

Protein fraction. Both crude and soluble protein 

were determined by Kjeldahl procedure (AOAC 

1998). The extraction of soluble nitrogen frac-

tion was performed from the lyophilised sample 

by Kuchroo and Fox (1982) modified method. 

Three centrifugation cycles at 10 000 rpm were 

carried out at 4°C.

Lipid fraction. The acidity index was determined 

according to AOAC (1998), and k
232

 and k
270

 pa-

rameters were determined by spectrophotometric 

analysis (UNE 1973). 

Confocal scanning laser microscopy (CSLM). A 

drop of the sample was put on a slide and stained 

with Rodhamine B (2 g/l) and Nile Red (1 g/l) 

solutions. Then, the mixture was covered with a 

cover glass. The samples were observed in a CSLM 

(Nikon confocal microscope C1 fitted to a Nikon 

Eclipse E800 microscope, Nikon Co., Ltd., Tokyo, 

Japan) in single photon mode equipped with an 

Ar-Kr laser. The excitation wavelength and emis-

sion maxima of the applied fluorescent dyes were 

568/625 nm for Rhodamine B and 647/675 nm for 

Nile Red. Images were stored using EZ-C1 software 

(Nikon Co., Ltd., Tokyo, Japan).

Statistical analysis. The statistical analysis was 

carried out by ANOVA and the least significant 

differences (LSD) were calculated at significance 

level P < 0.05. The statistics software Statgraph-

ics Plus version 5.1 (Manugistics, Inc., Rockville,  

USA) was used.

RESULTS AND DISCUSSION

Table 1 shows the values of the parameters meas-

ured in the fresh and thawed sauces. The results 

show that total protein crude fraction increased 

when samples were thawed. This increase was 

significant in samples thawed in the microwave 

oven (MO) due to the evaporation of water. The 

internal temperature gradient generated in mi-

crowave heating forces the moisture to transfer 

to the surface (Meda et al. 2005) favouring water 

evaporation. In the conventional oven (CO), the 

high temperature at the surface of the product leads 

to dehydration and forms a crust that could limit 

this evaporation. The soluble nitrogen fraction 

was not significantly different in samples thawed 

by both methods if compared to fresh ones; so, 

thawing did not cause changes in the solubility of 

proteins. Regarding to lipid changes, significant 

differences were not found among the samples 

when acidity index was analysed. This indicates 

that not evident lipolysis is produced in the sam-

ples during thawing using MO or CO. k
232 

and 

k
270

 parameters mainly indicate the conjugation 

of trienes and the presence of secondary oxidative 

products, respectively (Malheiro et al. 2009). 

K
232

 values of microwave-thawed samples dif-

fered significantly from the freshly-prepared and 

the conventional-thawed ones. Furthermore, k
270

 

values were significantly different between samples 

thawed using conventional oven and freshly-pre-

pared ones. Secondary oxidation products (mainly 

α-β diketones and α-unsaturated ketones) are 

formed during CO thawing due to heat.

CSLM images from freshly made sauces (Fig-

ure 1A) showed the starch granules immersed in a 

protein matrix; these starch granules had partially 

resisted the heat during the elaboration of the sauce. 

The starch granules in microwave-thawed samples 

Table 1. Means of the protein and lipid fraction parameters analysed in freshly-prepared, microwave-thawed and 

conventional-thawed samples

Sample
Crude protein 

(g/100 g)
Soluble protein 

(g/100 g)
Acidity index1 K

232
K

270

Fresh 3.35 (0.18)a 0.44 (0.09)a 0.92 (0.04)a 5.67 (0.64)a 1.21 (0.58)a

Microwave-thawed 3.75 (0.07)b 0.50 (0.05)a 0.89 (0.03)a 4.80 (.0.20)b 1.61 (0.10)ab

Conventional-thawed 3.46 ( 0.05)a 0.50 (0.15)a 0.91 (0.07)a 5.71 (0.28)a 1.88 (0.11)b

*Values in parenthesis denote standard deviation among measurements; abcdifferent letters in the same column indicate 

significant differences (P < 0.05) according to the LSD multiple range test; 1expressed as percent of oleic acid
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(Figure 1B) showed a slight swelling without evident 

leaching of the starch components. The starch 

granules in samples thawed by conventional oven 

(Figure 1C) were observed gelatinised with leach-

ing of the starch components out of the granule. 

This difference in the gelatinisation degree must 

be due to the different thawing times, longer in 

CO than MO. The fat globules were stabilised by 

the protein matrix and it can be noticed that the 

globule size increased when samples were thawed, 

due to the coalescence produced by heating.
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a b s t r a c t

This paper describes the microstructure and dielectric properties of white sauces prepared with different
fats (sunflower oil, olive oil, soy oil, and butter) and agitation speeds (350, 1100 and 3250 rpm). The
structural stability of sauces during thawing using conventional oven (CO) and microwave oven (MO)
are studied. The results showed that, for fresh samples (not subjected to the freeze–thaw cycle) an
increase in agitation speed during elaboration from 350 to 1100 rpm caused a significant decrease
(p < 0.05) in the fat globules area – regardless of the type of fat used; in the samples with sunflower
and olive oils, a significant increase (p < 0.05) in the fat globules circularity and dielectric properties
(dielectric constant and loss factor) was also produced. The thawing method used did not significantly
(p > 0.05) affect fat globule size and shape, regardless of the agitation speed and type of fat. Sauces that
were stable during the freeze–thaw cycle were obtained using speeds of 1100 and 3250 rpm.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The ready-to-eat food sector is an expanding market. Today’s
lifestyle and smaller family units have contributed to an increase
in the supply of food products that are pre-packaged and ready-
to-eat. Freezing is a common preservation method for this type
of products while many dishes contain sauces. As a result, there
is the need to study the stability of these sauces during the
freeze–thaw process.

Sauces are oil-in-water emulsions. An emulsion consists of two
immiscible liquids with one of the liquids being dispersed as small
spherical droplets in the other. Emulsions are thermodynamically
unstable systems, and may break down through a variety of differ-
ent physicochemical processes (Thanasukarn et al., 2004). There
are five main mechanisms that can contribute to emulsion instabil-
ity: creaming, flocculation, Ostwald ripening, coalescence and
phase inversion. The rate at which an emulsion breaks down will
be strongly influenced by composition, environmental conditions
(temperature, pH, etc.) and processing conditions (Rousseau,
2000). The chemical and physical stability of emulsions during
freezing and frozen storage is influenced by the polymorphism
and degree of crystallinity of the lipids, and the phase behaviour
of water. When emulsions freeze, the lipid droplets become pro-

gressively concentrated into the freeze-concentrate phase thereby
coming into close contact with one another in the unfrozen aque-
ous channels between ice crystals. The concentration of the lipid
droplets in these narrow channels could promote aggregation, floc-
culation and/or coalescence during the freeze–thaw process
(Thanasukarn et al., 2004).

Many consumers thaw frozen meals in microwave ovens. The
way in which food responds to the effect of microwaves depends
primarily on its dielectric properties, which determine the interac-
tion between the electromagnetic energy and the food (Guardeño
et al., 2010). The dielectric constant (e0) quantifies the capacity of
a material to store magnetic or electrical energy and to polarise
it when subjected to an electrical field (Datta and Anantheswaran,
2001). The loss factor (e00) is related to the ability of a material to
dissipate electrical energy as heat. The penetration depth (d) can
be obtained from these two properties. It is defined as the distance
the microwave radiation penetrates the food before its value is re-
duced to 1/e of the initial field strength, where e is the neperian
number (Miller et al., 1991).

Confocal laser scanning microscopy (CLSM) offers a number of
advantages over conventional techniques in the food products
study. Sample preparation is easy and avoids artefacts (Blonk and
Vanaalst, 1993). In addition, CLSM offers the possibility to look at
different levels inside the sample, which gives three-dimensional
information on the microstructure of the sample (Van Lent et al.,
2008). This technique has been used in the food research on
water-in-oil emulsions (Van Dalen, 2002; Van Lent et al., 2008;
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Vodovotz et al., 1996); and oil-in-water emulsions as sauces
(Langton et al., 1999; Moschakis et al., 2005, 2010). Many of these
studies use different image analysis softwares to quantify the size
of the particles.

The aim of this work was to study the stability of white sauces
thawed in a microwave oven by analysing the microstructure and
comparing with thawing in a conventional oven. Sauces were elab-
orated using different types of fat and several agitation speeds. In
freshly prepared samples dielectric properties were also examined.

2. Material and methods

2.1. Materials

Modified waxy corn starch (Hydroxypropyl distarch phosphate,
C Polar Tex 06748, Cargill, Inc., Minneapolis, USA); i-carrageenan
(Secovis IS, Hispanagar, Burgos, Spain); skimmed milk powder
(Central Asturiana, Asturias , Spain); sunflower oil (Koipesol, SOS
Cuétara SA, Madrid, Spain); extra virgin olive oil (Carbonell, SOS
Cuétara SA, Madrid, Spain); virgin soy oil (SL Biolasi Natural Prod-
ucts, Guipúzcoa, Spain); butter (Président, Lactalis Group, Laval,
France); and sodium chloride (Panreac Química SAU, Barcelona,
Spain).

2.2. Sample preparation

Sauces were prepared using modified waxy corn starch (3.5% w/
w), i-carrageenan (0.5% w/w), skimmed milk powder (9.3% w/w),
salt (0.4% w/w), fat (2.55% w/w), and distilled water up to 100%
w/w. Four types of fat were used to elaborate the sauces: sunflower
oil, olive oil, soy oil, and butter. Samples (300 g) were prepared
according to Arocas et al. (2009) in a food processor (Thermomix
TM 31, Vorwerk, Wuppertal, Germany) at three different speeds,
namely, 350, 1100 and 3250 rpm. The sauces were stored in Pyrex
glass bottles until reaching room temperature, then part of the
samples (freshly prepared samples) were analysed and the rest
were frozen at �18 �C. After being frozen for a week, the samples
were thawed in a conventional oven (Fagor 2CF-3V, Guipúzcoa,
Spain) at 220 �C for 30 min; or in a microwave oven (Moulinex
Optimo, Paris, France) for 6 min and 30 s at 700 W and analysis
were carried out. These conditions were chosen based on previous
experiments in order to obtain an optimum consistency of the
sauces after thawing.

2.3. Confocal laser scanning microscopy (CLSM)

A Nikon confocal microscope C1 unit that was fitted on a Nikon
Eclipse E800 microscope (Nikon, Tokyo, Japan) was used to study
the microstructure. An Ar laser line (488 nm) was employed as
light source to excite fluorescent dye Nile Red (Fluka, Sigma–Al-
drich, Missouri, USA). A drop of the sample was put on a slide,
stained with Nile Red (0.1 g/L in PEG 200), covered with a cover
glass and visualised using an oil immersion objective lens (60�).
512 � 512 pixel resolution images were randomly acquired.

2.4. Image analysis

The images obtained by CLSM were analysed using a ImageJ
software (Rasband, W.S., ImageJ v. 1.43s, National Institute of
Health, Bethesda, Maryland, USA) to determine the area, fat glob-
ules density (number of fat globules per field, fd), and circularity.
All the fat globules in four representative images from each sample
were analysed.

2.5. Dielectric properties

The dielectric constant (e0) and the loss factor (e00) for the freshly
prepared samples were determined at 2.45 GHz using an open-
ended coaxial probe connected to a network vectorial analyser
(Hewlett–Packard 85070M, Hewlett Packard Company, Palo Alto,
CA, USA). Each sample was measured in quadruplicate. The net-
work analyser was calibrated with air, a metallic short and water
at 25 �C. The penetration depth (d) was determined according to
Eq. (1) (Piyasena et al., 2003):

d ¼ k0
2p
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where: k0 = wavelength in free space (0.12237 m at a frequency of
2.45 GHz); e0 = dielectric constant; e00 = loss factor.

2.6. Experimental design and statistical analysis

A categorical multifactorial experimental design with two fac-
tors: type of fat (sunflower oil, olive oil, soy oil, and butter) and agi-
tation speed (350, 1100, and 3250 rpm) was used for the freshly
prepared samples. For the frozen–thawed samples a design with
three factors was used: type of fat, agitation speed, and thawing
treatment (conventional oven, CO and microwave oven, MO). Anal-
ysis of variance (ANOVA) was performed on the data using the
Statgraphics Plus version 5.1 software package (Statistical Graphics
Co., Rockville, MD, USA). The least significant differences (LSD)
were calculated at the p < 0.05 significance level to compare the
test means.

3. Results and discussion

3.1. Freshly prepared samples

3.1.1. Confocal laser scanning microscopy (CLSM)
The sample preparation with CLSM technique is not time con-

suming and changes the original structure of the specimen only
minimally (Ferrando and Spiess, 2000). Fig. 1 shows the CLSM
micrographs of freshly prepared samples in which the fat globules
are stained in green by fluorescent dye Nile Red. The figure shows
how the size of these globules decreases as agitation speed in-
creases during the sauce elaboration. Similar results were obtained
by Langton et al. (1999) when they studied the influence of speed
on the fat globules size in the production of mayonnaise. According
to the type of fat used in the sauce, it can be seen that the olive oil
globules were slightly larger than when the other fats were used in
the elaboration of the sauce. This effect was especially noticeable
at 350 rpm.

3.1.2. Image analysis
The size (area), fat globules density (fd) and shape (circularity)

of the fat globules were quantified by using image analysis on
CLSM micrographs. As the fat globules areas for each of the sam-
ples did not follow a normal distribution, the percentile was con-
sidered as the appropriate statistical parameter rather than the
arithmetic mean. The percentile 80 (p80), which represents the area
value below which 80% of the analysed globules in each micro-
graph are found, was used. The arithmetic mean was used for fd
and circularity.

Fig. 2A and B show the mean plots with LSD intervals for the
area, in which no significant interactions (p > 0.05) were observed
between the agitation speed and the type of fat. The interaction
plots with LSD intervals for fd and circularity, where significant
interactions (p < 0.05) between factors were observed, are shown
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in Fig. 2C and D. The increase of the agitation speed decreased the
fat globules area significantly (p < 0.05) from p80 = 771.20 lm2

when the sauces were prepared at 350 rpm, to p80 = 7.17 lm2

and 2.20 lm2 when they were prepared using 1100 and
3250 rpm, respectively (Fig. 2A). No significant differences
(p > 0.05) were observed in area when different types of fat were
used (Fig. 2B), although samples prepared with olive oil had larger
globules – p80 = 679.11 lm2 – than the other ones – p80 = 174.19,

131.99 and 55.46 lm2 for butter, sunflower and soy oil,
respectively.

With higher agitation speeds, there was a significant increase
(p < 0.05) in the fat globules density (fd) as shown in Fig. 2C. This
behaviour is because increased agitation speed produces smaller
globules – and therefore the number of these per field increases.
However, this increase was dependent on the type of fat used in
the sauce. In this sense it is found that the fd of the different fats

Fig. 1. Confocal laser scanning microscopy (CLSM). Freshly prepared samples elaborated with sunflower oil, olive oil, soy oil, and butter at speeds of 350, 1100, and 3250 rpm.
Magnification 60�.

Fig. 2. Mean and interaction plots with LSD intervals. A and B: mean values for the area according to the agitation speed and the type of fat, respectively; C and D: interaction
between agitation speed and type of fat for the fat globules density (fd) and circularity, respectively.
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analysed was similar at 350 rpm; while the outcome was different
at higher speeds and most variable at 3250 rpm. Sunflower oil
samples had the highest fd at 1100 rpm, followed by butter; while
olive oil and soy oil had lower but similar values. Soy oil and butter
showed the maximum values of fd at 3250 rpm, while olive oil re-
mained the lowest.

Agitation speed affected significantly (p < 0.05) the fat globules
circularity (Fig. 2D), although the effects varied according to the
type of fat used in the sauce. With the exception of the butter sam-
ples, the fat globules circularity increased with increasing speed.
However, this increase was only significant (p < 0.05) for samples
elaborated with sunflower oil (from 0.77 ± 0.18 at 350 rpm to
0.92 ± 0.02 at 3250 rpm) and olive oil (from 0.72 ± 0.07 at
350 rpm to 0.96 ± 0.01 at 3250 rpm), while it was no significant
(p > 0.05) for samples prepared with soy oil – in which the circular-
ity varied slightly between 0.87 ± 0.01 and 0.90 ± 0.02 for the three
speeds tested. These results are consistent with those of Langton
et al. (1999), who found that increased speed during the mayon-
naise preparation led to more circular fat globules. Similar results
were obtained by Brown et al. (1995) who observed smaller and
more circular particles in gels of gelatin and agar when the agita-
tion speed was increased. This trend of circularity increasing with
speed was not observed when butter was used. In this case, not sig-
nificant differences (p > 0.05) were found.

3.1.3. Dielectric properties
Knowledge of dielectric properties is essential for proper under-

standing of the heating pattern during microwave heating of foods,
both in the cooking and in the reheatingof precooked foods fromfro-
zen or refrigerated conditions (Prakash et al., 1992). Emulsions are
colloidal dispersions of liquid particles in another liquid. The major
effect of colloidal substances is to excludemore dielectrically active
materials (mainlywater) from the total volume, thus depressing the
dielectric constant (Mudgett, 1995; BengtssonandRisman, 1971). In
multicomponent systems, the dielectric constant decreases by two
mechanisms: firstly, the replacement of water by a substance with
a lower dielectric constant, as is the case of fats and oils; and sec-
ondly, the binding of water molecules (Ryynänen, 2002).

Significant interactions (p < 0.05) were found between agitation
speed and type of fat when the dielectric constant, loss factor and
penetration depth were studied in fresh sauces (Fig. 3).

Fig. 3A shows that the dielectric constant (e0) of all samples (ex-
cept those made with butter) increased when the agitation speed
increased from 350 to 1100 rpm. However, this increase was only
significant (p < 0.05) for samples elaborated with sunflower or ol-
ive oil. When the speed was increased to 3250 rpm, e0 increased
significantly (p < 0.05) for sauces made with sunflower oil, whereas
no significant differences (p > 0.05) were observed for those formu-
lated with olive and soy oil. Butter had a high e0 even at low agita-
tion speeds (350 rpm) and there were not significant differences
(p > 0.05) when speed was increased. The increase in e0 as a result
of the increase in the agitation speed could be related to the smal-
ler particle size produced when agitation speed increases. Kaneko
and Hirota (1985) found in water-in-oil emulsions that the e0 of
the emulsions containing small suspended particles was greater
than in the case of those with larger particles. However, it is known
that when the size of suspended particles is much smaller than the
wavelength of microwaves, between 0.001 and 1 m (Decareau,
1985), the e0 of the system depends only on the shape of the parti-
cles, not on their size (Ryynänen, 2002). Therefore, an increase in e0

when increasing the agitation speed could be explained as a result
of the increase in the fat globules circularity – as observed by Lang-
ton et al. (1999) in mayonnaises. This fact explains the higher e0 ob-
tained for sauces elaborated with soy oil and butter at speed of
350 rpm, whose globules are more circular than those for sun-
flower and olive oils (Fig. 2D).

Fig. 3B shows that increasing the speed from 350 to 1100 rpm
significantly (p < 0.05) increased loss factor (e0) for samples pre-
pared with sunflower and olive oils. Moreover, increasing the agi-
tation speed to 3250 rpm produced a significant (p < 0.05) decrease
in the e00 for sauces elaborated with soy oil, while no changes were
recorded for other fats studied. In the same way as with e0 it can be
seen that e00 generally increased with speed. The explanation for
this behaviour could be the same as for e0 – namely, that e00 in-
creases as a result of the increase in the fat globules circularity pro-
duced by increased agitation speed. A high loss factor is important
for microwave heating, and so it is appropriate to prepare the
sauce with the type of fat and the agitation speed that produces
a greater e00.

The penetration depth (d) was determined from the dielectric
constant and loss factor. Fig. 3C shows the influence on d when
the agitation speed and the type of fat used in sauce were varied.
A speed increase from 350 to 1100 rpm produced a significant
(p < 0.05) decrease in d for samples elaborated with sunflower or
olive oil, while not affecting those prepared with soy oil or butter.
An increase to 3250 rpm produced a significant increase (p < 0.05)
in d for samples made with soy oil, while no significant (p > 0.05)
increase was recorded for the others. Since d is inversely propor-
tional to the dielectric constant and loss factor, it is logical that if
these increase as the agitation speed increases then dwill decrease.

It should be noted that the results were within the range found
in the literature (Calay et al., 1995; Ryynänen, 2002) showing that

Fig. 3. Interaction plots with LSD intervals. A, B and C: interaction between
agitation speed and type of fat for the dielectric constant (e0), loss factor (e00), and
penetration depth (d), respectively.
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the most common food products have dielectric constants between
30 and 80; and loss factors of less than 25, which implies penetra-
tion depths of 0.8 and 1.5 cm.

3.2. Frozen–thawed samples

3.2.1. Confocal laser scanning microscopy (CLSM)
Fig. 4 shows the micrographs obtained by CLSM for samples

thawed by conventional oven and microwave oven after a week

of freezing at �18 �C, when the type of fat and the agitation speed
were modified.

As in the case of the freshly prepared samples (Fig. 1) it can be
seen that as the agitation speed increased, the fat globules de-
creased in size and increased in circularity. As a result of this de-
crease in size, the fat globules density (fd) increased.

At a speed of 350 rpm, the area and the globules circularity dif-
fer depending on the type of fat used in sauce. These differences
between different types of fat are not as noticeable at higher

Fig. 4. Confocal laser scanning microscopy (CLSM). Samples thawed using conventional oven (CO) and microwave oven (MO), elaborated with sunflower oil, olive oil, soy oil,
and butter at speeds of 350, 1100, and 3250 rpm. Magnification 60�.

M. Hernández-Carrión et al. / Journal of Food Engineering 104 (2011) 557–564 561



speeds (1100–3250 rpm) because of the greater homogeneity
shown by the samples when agitation speed increases – meaning
that the globules are more similar in size and circularity.

No important differences in size, fd and circularity of the fat
globules were detected when the samples thawed using a conven-
tional oven and the microwave oven were compared.

3.2.2. Image analysis
In the same way as for freshly prepared samples, an image anal-

ysis was carried out to quantify the area, fat globules density (fd)
and circularity of the samples subjected to the freeze–thaw cycle.
Significant interactions (p < 0.05) were observed between agitation
speed and type of fat when area, fd and circularity were studied in
frozen–thawed samples (Fig. 5A, C and E). The thawing treatment
did not show interactions with agitation speed and type of fat for
any parameter; the mean plots with LSD intervals are shown in
Fig. 5B, D and F.

Unlike what happened in the freshly prepared samples in which
the fat globules area was only affected by the agitation speed
(Fig. 2A), in this case, the globules area also depended on the type
of fat used in the sauce formulation (Fig. 5A). As the agitation speed
increased, the fat globules size decreased. However, this decrease
was only significant (p < 0.05) when olive oil was used to prepare
the sauce. At 350 rpm, it was the olive oil samples that showed
the largest fat globules (p80 = 1627.76 lm2) – as also occurred for
the freshly prepared samples (Fig. 2B). Moreover, it is found that
regardless of the type of fat used, at speeds of 1100–3250 rpm
there were no significant differences (p > 0.05) in the area.

Fig. 5B shows how the fat globules area varies according to the
thawing treatment used. There were no significant differences
(p > 0.05) between the treatments used; although the samples
thawed in a microwave oven had a smaller fat globules area –
p80 = 155.99 lm2 – than those thawed in a conventional oven –
p80 = 230.78 lm2.

As for the variation in the fat globules density (fd), Fig. 5C shows
that (as occurred in the freshly prepared samples in Fig. 2C) the
agitation speed caused a significant increase (p < 0.05) in fd and
this was dependent on the type of fat used. It can be seen that at
350 rpm the fd of all the fats was similar, while there were slight
variations at 1100 and 3250 rpm. At 1100 rpm, the samples formu-
lated with butter had the highest fd values; while at 3250 rpm the
samples with the highest fd values were made using olive oil – and
butter had the lowest values.

The variation in the fat globules density (fd) for samples thawed
in the conventional oven and the microwave oven is shown in
Fig. 5D. It can be seen that the thawing treatment did not signifi-
cantly affect (p > 0.05) fd.

Fig. 5E shows the variation in the fat globules circularity when
the agitation speed and the type of fat used in the sauce were var-
ied. It can be seen that the fat globules circularity was significantly
affected (p < 0.05) by the agitation speed and the type of fat – in the
same way as the freshly prepared samples (Fig. 2D). An increase in
speed from 350 to 1100 rpm produced an increase in circularity for
all samples, but this increase was only significant (p < 0.05) for
sauces elaborated with sunflower and olive oils. At 3250 rpm there
were no significant variations (p > 0.05) in the globules circularity

Fig. 5. Interaction and mean plots with LSD intervals. (A, C and E) interaction between agitation speed and type of fat for the area, fat globules density (fd), and circularity,
respectively. (B, D and F) mean values according to the thawing treatment for the area, fat globules density (fd), and circularity, respectively.
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– regardless of the type of fat used. Importantly, increased agita-
tion speed decreased variability in the circularity of the samples
elaborated with different types of fat – unlike that which occurred
in the freshly prepared samples.

Finally, although the fat globules of the samples thawed in the
microwave oven were slightly more circular than those thawed
in the conventional oven (Fig. 5F), no significant differences
(p > 0.05) in the globules circularity was found depending on the
thawing treatment used.

3.3. Comparison between the freshly prepared samples and the frozen–
thawed samples

A statistical analysis was performed in order to quantify the
changes in the fat globules caused by freezing and thawing. The re-
sponse variables in this analysis were the difference in the area, fat
globules density (fd), and circularity between the freshly prepared
samples and the frozen and thawed samples. The parameters ob-
tained were dif_area, dif_fd and dif_circularity. Fig. 6 shows the
interaction plots with LSD intervals for cases where there were sig-
nificant interactions between the thawed and freshly prepared
samples. Dif_circularity variable was not significant (p > 0.05)
and, therefore, the fat globules circularity was unchanged by the
freeze–thaw cycle.

Fig. 6A shows the difference in the fat globules area (dif_area)
between the samples after the freeze–thaw cycle and the freshly
prepared samples – according to the agitation speed and the type
of fat used. The figure shows that at speeds of 1100–3250 rpm
the value was near to zero (dif_area = 0) regardless of the type of
fat used in the sauce formulation. So there were no significant dif-
ferences (p > 0.05) in the thawed samples area in comparison with
the freshly prepared samples; and therefore the sauces were stable
in the freeze–thaw cycle when these agitation speeds were used. It
is known that the smaller the fat globule, the more stable the
emulsion (Rousseau, 2000) because there is a critical size above
which a particle cannot be supported at the interface (Bobra,
1991). This fact could explain sauce stability at higher speeds
due to the small fat globules. However, there are other theories
(Vanapalli et al., 2002) which propose that in certain emulsions,
small particle sizes can lead to a partial coalescence of the fat phase
and cause the emulsion instability. At 350 rpm there were differ-
ences between the frozen–thawed samples and the fresh samples.
These differences could be explained because the increased globule
size would cause sauce instability. These differences depend on the
type of fat used in the sauce preparation. In this respect, it is ob-
served that when sunflower and soy oils were used, the globules
area of the frozen–thawed samples did not vary significantly in
comparison with the freshly prepared samples; whereas when ol-
ive oil and butter were used there was a significant decrease
(p < 0.05) in globule size because of the freeze–thaw cycle. Similar
results were obtained by Vanapalli et al. (2002) who verified that
the oil type had an important effect on the stability of these emul-
sions during the freeze–thaw cycle. The fact that no coalescence
was observed between the globules could be due to the low fat
content of the prepared sauces (2.55% w/w). Guinee et al. (2000)
demonstrated that as the fat content increased in the food prod-
ucts, clumping and coalescence of the fat globules became more
pronounced.

Fig. 6B shows the variation in the fat globules area between the
thawed samples and the freshly prepared samples according to the
agitation speed and the thawing treatment used. The figure shows
that at 1100 and 3250 rpm there were no significant differences
(p > 0.05) in the fat globules area between the frozen–thawed sam-
ples and the freshly prepared samples – regardless of the thawing
treatment used. However, at 350 rpm there were significant differ-
ences (p < 0.05) between thawed samples and freshly prepared

samples. This difference was greater for microwave thawed sam-
ples where the area of the fat globules decreased more than those
thawed in the conventional oven. Microwave heating is based on
the transformation of alternating electromagnetic field energy into
thermal energy (Vadivambal and Jayas, 2010). Heating is due to
molecular friction of permanent dipoles within the material as
they try to reorient themselves with the oscillating electrical field
of the incident wave (Meda et al., 2005). The vibration that mole-
cules undergo during microwave radiation could explain why the
fat globules from microwave thawed samples are smaller. The
vibration could cause the breakdown of fat globules into smaller
globules and so result in a decrease in particle size.

Finally, Fig. 6C shows the variation in the fat globules density
(fd) between the treated samples and the freshly prepared samples
according to the agitation speed and the type of fat. At 350 rpm no
significant differences (p > 0.05) in fd were seen between the fro-
zen–thawed samples and the fresh samples – regardless of the type
of fat. When the speed was increased to 1100 rpm, a significant de-
crease (p < 0.05) in the fd was observed when sunflower oil was
used to prepare the sauce. At 3250 rpm, two different trends were
observed in the variation of fd in the frozen–thawed samples in
comparison with the fresh samples – regarding to the type of fat.
Namely, there was a significant decrease (p < 0.05) in the fd in
the soy oil and butter samples; while the sunflower and olive oil
samples showed a significant increase (p < 0.05) in fd after freez-
ing–thawing cycle.

Fig. 6. Interaction plots with LSD intervals. (A) Interaction between agitation speed
and type of fat for the dif_area. (B) Interaction between agitation speed and thawing
treatment for the dif_area. (C) Interaction between agitation speed and type of fat
for the dif_fd.
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4. Conclusions

In the freshly prepared samples, increasing the agitation speed
from 350 to 1100 rpm significantly decreases (p < 0.05) the fat
globules area regardless of the type of fat used; moreover, the cir-
cularity significantly increases for the sunflower and olive oil sam-
ples. In relation to the dielectric properties, there is a significant
increase in e0 and e00 for the sunflower and olive oil samples when
the agitation speed is increased from 350 to 1100 rpm. This fact
would be related to decreased globular size and increased circular-
ity as the agitation speed increases – thereby leading to a more
homogeneous sauce. The maximum values of e0 and e00 are obtained
at 1100 rpm for butter and soy oil. The appropriate dielectric prop-
erties of soy oil that would facilitate microwave heating – along
with its nutritional benefits – makes soy oil an ideal choice for
sauces in ready-to-eat food products.

Thawing treatments (conventional oven and microwave oven)
do not significantly affect (p > 0.05) the fat globules size and shape
– regardless of the agitation speed and the type of fat. So, micro-
wave thawing could be preferable compared to conventional thaw-
ing because of the energy savings, speed and convenience.

Sauces stability during the freeze–thaw cycle is achieved by
high agitation speeds (1100 and 3250 rpm); 1100 rpm could be
most advisable to prepare the sauces because generating this agi-
tation speed consumes less energy than higher speeds.
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