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Abstract Due to the rheological and structural basis of tex-
ture perceived in semisolid foods, the aim of this work was to
study the effects of two thickening agents, on rheology and
microstructure of soy protein desserts. As rheological param-
eter values may not be enough to explain the possible per-
ceived texture differences, the effect of composition on two
instrumental indexes of oral consistency (apparent viscosity at
50 s−1 and complex dynamic viscosity at 8 Hz) was also stud-
ied. Samples were prepared at two soy protein isolate (SPI)
concentrations (6 and 8 % w/w), each with four modified
starch concentrations (2, 2.5, 3 and 3.5 % w/w) or four
Carboxymethyl cellulose (CMC) concentrations (0.3, 0.5,
0.7 and 0.9 % w/w). Two more samples without added thick-
ener were prepared as control samples. The flow curves of all
systems showed a typical shear-thinning behaviour and ob-
servable hysteresis loops. Control sample flow fitted well with
the Ostwald-de Waele model and the flow of samples with
thickener to the Herschel-Bulkley model. Viscoelastic proper-
ties of samples ranged from fluid-like to weak gel, depending
on thickener and SPI concentrations. Starch-based samples
exhibited a globular structure with SPI aggregates distributed

among starch granules. In CMC-based samples, a coarse
stranded structure with SPI aggregates partially embedded
was observed. Variation of the two thickness index values
with composition showed a similar trend with good correla-
tion between them (R2 = 0.92). Soy desserts with different
composition but with similar rheological behaviour or instru-
mental thickness index values can be obtained.
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Introduction

The inclusion of soy products as part of the regular diet pro-
vides many health benefits. Apart from the reduction in the
risk of coronary heart disease and breast and prostate cancers
(Barnes et al. 2006; Xiao 2008), there is a growing general
interest in products with protein from vegetable sources in
order to obtain a more balanced ratio of vegetable/animal pro-
tein intake (Russell et al. 2006). The main problems facing the
acceptance of these products are related to certain flavour and
texture defects. The flavours are commonly being referred to
as Bbeany^ and with certain astringency and bitter taste notes
(Chambers et al. 2006; Da Silva et al. 2012). Several authors
have tried to solve these flavour drawbacks using different
approaches such as developing soy varieties with lower
lipoxygenase or A-saponins content (Yuang and Chang
2007; Takada et al. 2013), modifying process conditions
(Endo et al. 2004; Suppavorasatit et al. 2013) or trying tomask
the undesirable flavour by adding flavouring or other ingredi-
ents such as fruit juices, chocolate syrup, cocoa powder or
coffee (Potter et al. 2007; Yuang and Chang 2007;
Deshpande et al. 2008; Felberg et al. 2010; Granato et al.
2010). In addition some authors have described the texture
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of soy-based products as chalky, dry or oily (N’Kouka et al.
2004; Potter et al. 2007) and some of them have proposed the
use of different stabilizers, such a gelatine, pectin or gum
acacia, to mask the texture defects cited (Mepha et al. 2006;
Potter et al. 2007). In any case, the elimination of flavour and
texture drawbacks may be not enough to improve the accep-
tance of the soy products; so that the optimization of their
sensory quality is also needed to ensure their market success.

Due to importance of flavour in food acceptance, most of
research related to formulation of new soy products have been
focussed in optimizing their flavour without considering the
possible role of other sensory attributes (Deshpande et al.
2008; Felberg et a l . 2010; Granato et a l . 2010,
Chattopadhyay et al. 2013). In a previous work about accep-
tance optimization of citrus flavoured soy-based dessert,
Arancibia et al. (2013a), showed that despite the importance
of citrus flavour intensity and taste attributes (acidity, sweet-
ness and bitterness), the particular consistency preferences of
each consumer influenced the product acceptance. The results
exhibited that sample acceptability was more closely related to
the particular preferences of each consumer subgroup than
with consistency level of samples. A consumer subgroup con-
sidered that the sample’s consistency as Bstrong^ and Btoo
strong^, and the other consumer subgroup considered that
all samples had a Bjust about right^ consistency. These results
indicated the convenience of design soy-based dessert with
different consistency levels to flavour product acceptance by
groups of consumers with different consistency preferences.

Basically, soy desserts are formulated with soy milk or
protein isolates, hydrocolloids, sucrose, aroma and colorants.
The characteristics of each ingredient, their concentrations and
the effects of the interactions among them influence the prod-
uct structure to different extents and also modify its rheolog-
ical, mechanical and textural attributes. With regard to protein
content, most currently available commercial soy products are
formulated with soy protein contents (less than 3 g/100 g)
lower than the amount recommended by various public insti-
tutions. For example, the FDA requires at least 6.25 g/serving
of soy protein to state a health claim on its label (Walker et al.
2010). Therefore, designing soy-protein desserts with ade-
quate protein content and a good sensory quality will be im-
portant to increase consumer acceptance by soy products. An
important function of hydrocolloids in protein matrices is that
they can act as structuring, thickening and stabilizing agents.
Starch is one of the most widely used thickeners in the food
industry, although carboxymethyl cellulose (CMC) is also be-
ing used as an alternative to starch in food products because of
its technological and nutritional advantages (Engelen et al.
2005; Bayarri et al. 2010). Sodium carboxymethyl cellulose
(CMC) is a linear, long-chain, water-soluble, anionic polysac-
charide widely used in the food industry because it is tasteless,
odourless, and forms clear solutions without cloudiness or
opacity. In mixed protein-polysaccharide systems, associative

electrostatic interactions can lead to coacervation or soluble
complex formation, depending on the solution condi-
tions (pH and ionic strength) (Dickinson 2003).
Considering the structural differences observed in CMC and
starch solutions (Ferry et al. 2006) and break-up mechanisms
under shear (Desse et al. 2011), the two thickeners would be
expected to affect the physical and sensory characteristics of
food matrices differently.

In order to gain a better knowledge about the possibility to
design high protein soy desserts with novel and different tex-
tures, the aim of this work was to study the effect of starch and
CMC concentrations on the flow behaviour, viscoelasticity
and microstructure of soy protein desserts formulated at two
soy protein isolate concentrations.

Material and methods

Composition and preparation of samples

Soy-based desserts were prepared with powdered soy protein
isolate (SPI) (90 % protein; PROSOL 90-GF NT, Cargill,
Barcelona, Spain) and a medium crosslinked modified tapioca
starch (C* Creamtex 75720, Cargill Ibérica SL, Barcelona,
Spain) or carboxymethyl cellulose (CMC) (Akucell AF3265
Akzo Nobel, Amersfoort, The Netherlands) as thickeners.
Deionized water, commercial sucrose, citrus flavour
(Naranja 1594A, Lucta, Barcelona, Spain) and yellow-
orange colorant (NC2 SX WS mct, CHR Hansen S.A.,
Barcelona, Spain) were also used.

An experimental design with two factors, soy protein iso-
late concentration (two levels: 6 and 8 % w/w) and hydrocol-
loid concentration (four levels, starch: 2, 2.5, 3 and 3.5 w/w or
CMC: 3, 0.5, 0.7 and 0.9%w/w) was used. Twomore samples
without added thickener were prepared as control samples.
Protein concentration corresponded to 6.75 and 7.9 g
protein/125 g product. The amounts of sugar (4 % w/w), citrus
flavour (0.01 % w/w) and colourant (0.026 % w/w) used
remained constant.

Soy-based desserts were prepared in batches of 800 g. Soy
protein isolate powder was dispersed in deionized water and
mixed for 15min, with the help of a propeller stirrer (Heidolph
RZR 1, Heidolph, Schwabach, Germany). The dispersion was
placed in a water bath at 90 ± 1 °C and was stirred for 20 min.
Then it was cooled in a water bath at 10 °C for 10 min and
stored at 4 ± 1 °C overnight to ensure complete hydration of
soy proteins. The amount of water evaporated in the heating
process was replaced gravimetrically. The following day,
starch or CMC was added to the SPI dispersion. Starch sam-
ples were prepared as follows: starch, sugar, colorant and soy
protein dispersion were mixed with the help of a propeller
stirrer in a flask for 10 min at room temperature. Afterwards,
the flask was placed in a water bath at 90 ± 1 °C and stirred
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constantly for 25 min. Samples were cooled in a water bath at
10 °C for 10 min. Any water evaporated was replaced gravi-
metrically. Citrus flavour was added and samples were stirred
for 5 min. For CMC sample preparation, a blend of CMC and
sugar was added to the SPI dispersion with colorant and
stirred for 35 min at room temperature. Five minutes before
the end, citrus flavour was added. All samples were trans-
ferred to a closed flask and stored (4 ± 1 °C; 24 h) prior to
rheological measurements. At least two batches of each com-
position were prepared.

Rheological measurements

Rheological measurements were carried out in a controlled
stress rheometer RS1 (Thermo Haake, Karlsruhe, Germany),
using parallel-plate geometry (60 mm diameter; 1 mm gap)
and monitored with RheoWin Job software package (version
3.61, Thermo Haake, Karlsruhe, Germany). Measurements
were made at 10 ± 1 °C, selected as representative of the usual
consumption temperature of this type of desserts. Temperature
was maintained during measurements by means of a Phoenix
P1 Circulator device (Thermo Haake, Karlsruhe, Germany).
Two batch of each composition were prepared and each batch
was measured at least twice, using a fresh sample for each
measurement. After loading the sample, it was allowed to
stand for 10min to stabilize and reach the desired temperature.
After carefully placing the sample between the plates, excess
material was wiped off with a spatula.

Flow properties

Sample flow was measured by recording shear stress values
when the samples were sheared at linearly increasing shear
rates from 1 to 200 s−1 for 60 s and down in reverse sequence
for the same time. Experimental data from descending flow
curves of control samples were fitted to the Ostwald-deWaele
model (Eq. 1) and data of samples with thickener added were
fitted to the Herschel-Bulkley model (Eq. 2). These calcula-
tions were performed using RheoWin Pro Data software (ver-
sion 3.61, Thermo Haake, Karlsruhe, Germany).

σ ¼ Kγ̇n ð1Þ

σ ¼ σ0 þ Kγ̇n ð2Þ

where σ (Pa) is the shear stress, γ̇ (s−1) is the shear rate, σ0
(Pa) is the yield stress, K (Pa sn) is the consistency index and n
is the flow index. These parameters were used to characterize
the flow behaviour of the samples. Since parameter K units
depend on n values, apparent viscosity values at 1 s−1 (η1)
were used to compare sample consistency statistically.

Areas under the upstream data point curve (Aup) and under
the downstream data point curve (Adown) as well as the

hysteresis area (Aup - Adown) were obtained using
RheoWin Pro software (Thermo Haake). In view of
the influence of the loop contour and of the shear re-
sistance of the sample on the hysteresis area, the per-
centage of relative hysteresis area (AR) (Eq. 3) was cal-
culated because it allows a better comparison of flow
time dependence behaviour of different samples.

AR ¼ Aup−Adown

Aup
� 100 ð3Þ

In time-dependent and non-Newtonian shear-thinning
products, perceived thickness is difficult to predict with rheo-
logical parameter values because flow in the mouth is proba-
bly a combination of shear and elongational flow (van Vliet
2002). However, some authors have found that oral thickness
correlates with different rheological indices. It has been con-
firmed that one of them, apparent viscosity at a shear rate of
50 s−1, suggested by Wood in 1968, has practical utility as a
possible instrumental index of thickness perceived in semisol-
id foods (Cook et al. 2003; Arancibia et al. 2013b).
Consequently, apparent viscosity values at a shear rate of
50 s−1 (η50) were also calculated.

Viscoelasticity

Prior to mechanical spectrum measurements, it was necessary
to determine the linear viscoelastic region (i.e. the range where
G’ and G^ are independent of the stress/strain of the oscilla-
tion). Stress sweeps were run between 0.02 and 300 Pa at a
frequency of 1 Hz in all systems. The frequency sweeps were
performed from 0.01 to 10 Hz at 0.05 Pa. The oscillatory
rheological parameters used to compare the viscoelastic prop-
erties of the samples were storage modulus (G’), loss modulus
(G^), loss angle (Tan δ) and complex dynamic viscosity (η*)
at 1 Hz. This frequency, as stated by Lapasin and Pricl (1995)
would appear to be a reasonable compromise between mea-
suring very fast, when intermolecular entanglements could
contribute to solid-like responses, and measuring at extremely
low frequencies, when loss of precision and reliability in the
measurements could be a problem. For semisolid products
with viscoelastic behaviour, some authors have obtained a
good correlation between oral thickness and small deforma-
tion measurements at an oscillatory frequency of 50 rad s−1

(Hill et al. 1995; Tárrega and Costell 2007). Consequently,
complex dynamic viscosity values were determined at 8 Hz,
equivalent to 50 rad s−1 (η8Hz).

Microstructure

Microstructure of soy desserts was examined with fluores-
cence microscopy (Nikon Eclipse 90i, Kanagawa, Japan). A
drop of sample was placed on a slide with a cover slip and
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observed using a magnification of 40× and identical exposure
time (1 s). The photomicrographs were acquired with a digital
camera (Nikon DS-5Mc, Kanagawa, Japan). The excitation
wavelength used was 543 nm. Samples were stained with
Rhodamine B (Sigma-Aldrich Química S.A., Madrid, Spain)
to allow for the visualization of soy proteins. Fluorescent dye
was prepared by dissolving 0.01 g/L Rhodamine B in distilled
water, and then added to the samples at a concentration of
0.8 mL/g. Samples were stained 10 min before analysis.

Data analysis

The effects of the two factors and the interaction between
them on the flow and on the viscoelastic parameter values,
as well as, oral thickness index values, were analysed by a
two-way ANOVA. Significant differences between individual
samples were determined by the Tukey’s test (α = 0.05). All
these calculations were carried out with XLSTAT Pro soft-
ware, version 2007 (Addinsoft, Paris, France).

Results and discussion

Flow properties

All starch-based samples showed hysteresis loops when they
were sheared during a complete cycle, indicating that their
flow was time-dependent (Fig. 1a, b). The flow curves of the
samples showed a non-Newtonian shear-thinning flow with n
values from 0.78 to 0.9. The curves of control samples was
fitted well to the Ostwald-de Waele model (0.98 < R2 < 0.99).
Samples with added starch showed shear thinning with an
initial resistance to flow consistent with the Herschel-
Bulkley model (R2 > 0.99). ANOVA results showed a signif-
icant effect (p < 0.05) of interaction between SPI and starch
concentration on σ0, η1 and AR values (Table 1). This inter-
action indicated that the starch concentration effect differed,
depending on the SPI content. As expected, σ0 and η1 values
increased significantly with starch concentration, this varia-
tion being higher in samples prepared with 8 % SPI
(Table 2). As starch concentration increased thixotropic area

Frequency (Hz)

0111.010.0

G
',G

" 
(P

a)

0.01

0.1

1

10

100

1000

Shear rate (1/s)

S
h

ea
r 

st
re

ss
 (

P
a)

0

100

200

300

400
b) 8% SPI

Frequency (Hz)

0111.010.0

G
',G

" 
(P

a)

0.01

0.1

1

10

100

1000

Shear rate (1/s)
0 50 100 150 2000 50 100 150 200

S
h

ea
r 

st
re

ss
 (

P
a)

0

100

200

300

400
a) 6% SPI

d) 8% SPIc) 6% SPI

Fig. 1 Flow curves (a and b) and mechanical spectra (c and d) (G’,
storage modulus: filled symbol and G^, loss modulus: empty symbol) of
soy-based desserts containing 6 % (a and c) or 8 % (b and d) of soy

protein isolate (SPI) and different starch concentrations (△:0 %, ○:2 %, □:
2.5 %, ▽: 3 % and : 3.5 %)
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also increased. A greater difference in both form and magni-
tude of the hysteresis loops was observed among samples
containing 8 % SPI (Fig. 1b). This behaviour was in accor-
dance with what was observed by other authors when study-
ing the effect of starch concentration on time-dependent be-
haviour of water-starch pastes (Tattiyakul and Rao 2000) and
on starch-milk model systems (Abu-Jdayil et al. 2004; Tárrega
et al. 2005). This could be explained by taking into account
the fact that the structure of the system is affected by an

increase in the volumetric fraction of the dispersed phase par-
tially constituted by swollen starch granules. Samples with
8 % SPI and starch content over 2 % showed an evident
overshoot in the stress-rate curves, indicating that the system
structure broke down partially as a result of increasing shear-
ing time (Fig. 1b). The maximum in the stress may represent
the yielding transition from a continuous network to a discon-
tinuous state at this point (Mujumdar et al. 2002). Starch ad-
dition effect could be related to a mutual exclusion between
starch and SPI that affects the water partition between the two
phases, increasing the effective concentration of both biopoly-
mers (Colombo et al. 2011). At the lowest SPI or starch con-
centrations, the soy dessert samples were relatively deform-
able by shearing and the flow curves did not show any over-
shoot. This behaviour could indicate that the two biopolymers
behave as individual molecules that are distributed throughout
the one-phase system (McClements et al. 2009).

The flow curves of the CMC-based systems also exhibited
a time-dependent and shear thinning with yield stress behav-
iour (Fig. 2a, b). As previously mentioned, control samples for
both SPI concentrations did not show yield stress.
Measurements of increasing and decreasing shear rate showed
hysteresis loops in most samples, indicating thixotropic behav-
iour. Samples with the higher SPI concentration needed higher
energy to break its structure as compared with their counter-
parts formulated with the lower SPI content (Fig. 2a, b,
respectively). This seems to indicate that the flow behaviour
of these systems was affected by both SPI and CMC concen-
trations without the influence of any qualitative structure
change or phase separation. In mixed biopolymer systems that
contain a protein and an anionic polysaccharide, their possible

Table 1 Two-way ANOVA of rheological parametersa of soy-based
desserts containing different concentrations of soy protein isolate (SPI)
and starch. F and p values

Main effects Interactions

A: SPI
concentration

B: Starch
concentration

A × B

F-value p-value F-value p-value F-value p-value

Flow parameters

σ0 (Pa) 1186.3 <0.01 161.31 <0.01 148.59 <0.01

η1 (Pas) 1741.8 <0.01 1996.4 <0.01 288.83 <0.01

AR (%) 1851.9 <0.01 240.95 <0.01 86.39 <0.01

Viscoelastic parameters

G’ (Pa) 10,972 <0.01 4674.0 <0.01 3670.8 <0.01

G^ (Pa) 570.23 <0.01 212.41 <0.01 98.83 <0.01

Tan δ 296.50 <0.01 155.19 <0.01 36.77 <0.01

η* (Pas) 10,506 <0.01 4428.7 <0.01 3286.7 <0.01

aσ0 = yield stress, η1 = apparent viscosity at 1 s−1 , AR = relative hyster-
esis area, G’ = storage modulus at 1 Hz, G^ = loss modulus at 1 Hz, Tan
δ = loss angle at 1 Hz and η* = complex dynamic viscosity at 1 Hz

Table 2 Mean values and significant differences of rheological parameters1 of soy-based desserts containing different concentrations of soy protein
isolate (SPI) and starch

SPI concentration
(% w/w)

Starch concentration
(% w/w)

Flow parameters Viscoelastic parameters2

σ0 (Pa) η1 (Pas) AR (%) G’ (Pa) G^ (Pa) Tan δ η* (Pas)

6 0 − 0.03g 1.29f – – – –

6 2 0.61f 0.88g 1.29f 1.04e 1.20e 1.15a 0.25f

6 2.5 2.04e 2.52f 3.78ef 3.00e 2.68e 0.90c 0.64ef

6 3 4.82d 5.51e 6.98de 5.06e 4.73de 0.94bc 1.10e

6 3.5 11.06c 12.08c 11.16d 12.15d 9.70cd 0.80cd 2.48d

8 0 − 0.24g 5.35ef – – – –

8 2 1.87e 3.19f 22.82c 4.79e 5.16de 1.08ab 1.12e

8 2.5 5.01d 7.14d 30.39b 17.31c 11.78c 0.69d 3.33c

8 3 12.53b 16.58b 32.25b 78.47b 28.38b 0.36e 13.29b

8 3.5 20.05a 26.08a 42.57a 178.7a 48.66a 0.27e 29.48a

a-gMeans within a column with common superscripts did not differ significantly (p > 0.05)
1σ0 = yield stress, η1 = apparent viscosity at 1 s−1 , AR = relative hysteresis area, G’ = storage modulus at 1 Hz, G^ = loss modulus at 1 Hz, Tan δ = loss
angle at 1 Hz and η* = complex dynamic viscosity at 1 Hz
2Viscoelastic properties of soy-based desserts without starch could no be measured, due fluidity of the samples
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association is strongly dependent on pH. In this case, the pH of
the soy-based samples, which ranged between 6.25 and 6.37,
was clearly above the isoelectric point of soy protein
(pH ~ 4.5). In this situation, the protein and the polysaccharide
have a negative charge and an electrostatic repulsion between
them prevents their molecular assembly (González-Tomás and
Costell 2006). Flow data of different CMC-based samples
were fitted well with the Herschel-Bulkley model, with R2

values >0.99. Two-way ANOVA results showed that both
CMC and SPI concentrations, as well as their interaction, had
a significant effect on all flow parameters (Table 3). As expect-
ed, σ0, η1 and AR values increased with CMC and SPI con-
centration indicating an increase in the shear-thinning behav-
iour of the samples (Table 4). With respect to σ0, it was ob-
served that CMC concentration effect was different depending
on SPI content. In samples with 6 % SPI, σ0 values varied
slightly with CMC concentration, while in samples with 8 %
SPI an increase in CMC concentration significantly increased
σ0 values. Samples with the lowest CMC concentrations (un-
der 0.5%) did not significantly differ for η1 values amongmost

of the samples, regardless of SPI content, but when CMC
concentration was increased (over 0.5 %) η1 values increased
significantly, showing clear differences between different soy
dessert samples with different SPI content. This may be due to
the increase in the protein volumetric fraction of the dispersed
phase and to the distribution and interaction of CMCchains. At
lower CMC concentrations, the CMC chains are in their most
extended conformation and at higher polymer concentrations
extended CMC chains start to overlap and could become
entangled, increasing the plasticity and the consistency of sam-
ple flow.

In general, it can be observed that some soy desserts dif-
fering in composition had similar flow behaviour such as sam-
ples with 6 % SPI and 0.5 % CMC, with 8 % SPI and 2 %
starch or with 8 % SPI and 0.3 % CMC (Tables 2 and 4).

Viscoelasticity

The viscoelastic characteristics of the control samples could
not be measured because of their fluidity. As expected, the
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Fig. 2 Flow curves (a and b) and mechanical spectra (c and d) (G’,
storage modulus: filled symbol and G^, loss modulus: empty symbol) of
soy-based desserts containing 6 % (a and c) or 8 % (b and d) of soy

protein isolate (SPI) and different carboxymethyl cellulose (CMC) con-
centrations (△:0 %, ○:0.3 %, □: 0.5 %, ▽: 0.7 % and : 0.9 %)
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viscoelastic properties of the remaining samples depended on
SPI and thickener concentration. Mechanical spectra obtained
for samples with starch are shown in Fig. 1c and d. In general,
the viscoelastic behaviour ranged from fluid-like to weak-gel-
like, depending on sample composition. For both SPI concen-
trations, samples with the lowest starch concentration (2 %)
showed a strong frequency dependence on dynamic moduli
with loss modulus (G^) over storage modulus (G’), indicating
a fluid-like behaviour. When the starch concentration was

increased, the mechanical spectra changed markedly, depend-
ing on the SPI concentration. Samples with 6 % SPI at the
intermediate starch concentrations (2.5 and 3 %) showed con-
centrated polymeric solution behaviour and a lesser frequency
dependence. The sample with 6 % SPI and the highest starch
concentration (3.5 %) and most of the 8 % SPI samples ex-
hibited viscoelastic properties usually observed for weak-gel
systems: elastic response (G’) predominated over viscous re-
sponse (G^) and both dynamic moduli showed a slight varia-
tion with oscillation frequency. These results suggest that the
viscoelastic behaviour of the starch-based soy protein desserts
depended not only on the volumetric fraction occupied by the
swollen starch granules but also on the SPI concentration.
Results obtained from ANOVA showed that both factors, as
well as their interaction, had a significant effect (p < 0.05) on
all parameters obtained at 1 Hz (Table 1). This interaction
indicated that the starch concentration effect on viscoelastic
parameters was different, depending on SPI content. In gen-
eral, G’, G^ and η* values increased with starch concentra-
tion, and this increase was more evident in samples with the
higher SPI concentration (Table 2). At the lower starch con-
centrations (<3.5 %), samples with 6 % SPI did not show
significant differences in viscoelastic parameter values among
them, while in samples with 8 % SPI, an increase in the starch
concentration significantly increased the viscoelastic parame-
ter values, except for tan δ that decreased. At the lowest starch
concentration (2 %), viscoelastic parameter values of samples
with different SPI concentrations did not differ significantly,
except complex dynamic viscosity values. However, at starch
concentrations over 2.5 %, samples with 8 % SPI had G’, G^
and η* values that were significantly higher than their

Table 3 Two-way ANOVA of rheological parametersa of soy-based
desserts containing different concentrations of soy protein isolate (SPI)
and carboxymethyl cellulose (CMC). F and p values

Main effects Interactions

A: SPI
concentration

B: CMC
concentration

A × B

F-value p-value F-value p-value F-value p-value

Flow parameters

σ0 (Pa) 587.67 <0.01 211.06 <0.01 116.67 <0.01

η1 (Pas) 2629.34 <0.01 1904.76 <0.01 843.40 <0.01

AR (%) 441.04 <0.01 222.85 <0.01 7.93 <0.01

Viscoelastic parameters

G’ (Pa) 1101.3 <0.01 749.23 <0.01 373.26 <0.01

G^ (Pa) 293.73 <0.01 284.56 <0.01 67.89 <0.01

Tan δ 682.48 <0.01 489.06 <0.01 53.89 <0.01

η* (Pas) 959.09 <0.01 679.01 <0.01 317.87 <0.01

aσ0 = yield stress, η1 = apparent viscosity at 1 s−1 , AR = relative hyster-
esis area, G’ = storage modulus at 1 Hz, G^ = loss modulus at 1 Hz, Tan
δ = loss angle at 1 Hz and η* = complex dynamic viscosity at 1 Hz

Table 4 Mean values and significant differences of rheological parameters1 of soy-based desserts containing different concentrations of soy protein
isolate (SPI) and carboxymethyl cellulose (CMC)

SPI concentration
(% w/w)

CMC concentration
(% w/w)

Flow parameters Viscoelastic parameters2

σ0 (Pa) η1 (Pas) AR (%) G’ (Pa) G^ (Pa) Tan δ η* (Pas)

6 0 – 0.03e 1.29i – – – –

6 0.3 0.12e 0.46e 8.56gh 1.03d 1.62e 1.59a 0.31e

6 0.5 1.15de 2.55e 11.29fg 6.13d 5.49e 0.89b 1.31e

6 0.7 3.55de 8.41d 13.52ef 25.35c 14.80cd 0.58c 4.67d

6 0.9 4.37cd 13.51c 17.66de 43.61c 24.17c 0.55c 7.94c

8 0 – 0.24e 5.35hi –

8 0.3 1.61de 3.01e 18.62cd 6.34d 5.20e 0.82b 1.31e

8 0.5 8.38c 12.07c 22.28bc 33.59c 15.41cd 0.46cd 5.88cd

8 0.7 17.16b 30.04b 24.54ab 96.97b 33.58b 0.35de 16.34b

8 0.9 31.51a 69.19a 28.49a 251.9a 70.80a 0.28e 41.64a

a-eMeans within a column with common superscripts did not differ significantly (P > 0.05)
1σ0 = yield stress, η1 = apparent viscosity at 1 s−1 , AR = relative hysteresis area, G’ = storage modulus at 1 Hz, G^ = loss modulus at 1 Hz, Tan δ = loss
angle at 1 Hz and η* = complex dynamic viscosity at 1 Hz
2Viscoelastic properties of soy-based desserts without CMC could no be measured, due fluidity of the samples
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counterparts made with 6 % SPI. The differences observed in
viscoelastic behaviour due to starch and protein contents are in
agreement with what was observed in the sample flow behav-
iour and could be due to the same structural changes as
commented previously.

The mechanical spectra obtained for CMC-based samples
are shown in Fig. 2c and d. As in the case of the starch-based
samples, samples with CMC showed a viscoelastic behaviour
that varied from fluid-like to weak-gel-like. Most of the sam-
ples containing 8 % SPI, except the sample with the lowest
CMC concentration, showed a response typical of weak gels,
with a storage modulus (G’) higher than loss modulus (G^),
and slight frequency dependence. The sample with the lowest
CMC concentration (0.3 %) exhibited a behaviour typical of
an entangled polymer solution, with similar values of G’ and
G^ values. Samples with 6 % SPI showed different behav-
iours, depending on starch concentration. At the lowest CMC
concentration, they behaved as a fluid-like system. When the
CMC concentration increased, the mechanical spectra
changed significantly, indicating the transition from an entan-
glement polymer solution (samples with 0.5 % CMC) to
a structured system (samples with 0.7 and 0.9 % CMC),
and the dynamic moduli became less frequency-
dependent and the elastic contribution gradually
prevailed over the viscous one. ANOVA results showed
a significant interaction effect (P < 0.05) between the
two factors considered (CMC and SPI concentration) on
all viscoelastic parameter at 1 Hz (Table 3). For the
same CMC concentration, samples made with 6 % SPI
exhibited significantly lower values of G’, G^ and η*
and higher values of Tan δ than their counterparts made
with 8 % SPI, except for the lowest CMC concentration
(0.3 %) (Table 4). In general, raising the CMC concentration
increased the G’, G^ and η* values and decreased Tan δ,
although this effect was more evident in samples with the
higher SPI content.

Also in this case, samples with different composition
showed similar viscoelasticity. For example, soy dessert with
6%SPI and 0.5 %CMC or 2.5 % starch, and samples with
8%SPI and 0.3%CMC or 2 % starch (Tables 2 and 4).

Microstructure

Starch-based samples showed a globular structure with isolat-
ed and swollen starch granules dispersed in the aqueous phase
with SPI aggregates distributed among them. As an example,
at the highest SPI concentration (Fig. 3a) some regions with
starch granules and SPI aggregates closely clumped together
can be observed. In mixed biopolymer systems, soybean pro-
tein could interact with amorphous regions of starch granules,
favouring a mutual exclusion effect or modifying water avail-
ability for starch (Colombo et al. 2011). When CMC was
added to the protein dispersion, a clearly different structure
was observed. As it can been seen in Fig. 3b, which corre-
sponds to CMC-based sample at the highest SPI concentra-
tion, a coarse stranded structure with SPI aggregates partially
embedded among CMC agglomerates was observed, which is
characteristic of this type of systems.

Influence of composition of the soy desserts on instrumental
indices of oral thickness

According to the rheological results, these two hydrocolloids–
starch and CMC– could be used in the formulation of high-
protein soy desserts to obtain products with different compo-
sition and nutritional value, and similar rheological behaviour.
However, this does not guarantee that it will match the texture
perceived. This is logical if one bears in mind that, as
commented previously, flow in the mouth is probably a com-
bination of shear and elongational flow during ingestion and
swallowing (van Vliet 2002) and that perceived thickness de-
pends not only on the shear forces in the mouth, but also on
saliva effect and mouth temperature. Therefore, rheological
information alone may not be enough to explain the textural
differences perceived, particularly when products with differ-
ent composition and structure are being compared (González-
Tomás and Costell 2006). To obtain preliminary information
about the possible influence of composition on oral thickness
of soy desserts, their effect on two instrumental index values
was analysed. One of them was related with their flow prop-
erties (η50, apparent viscosity at 50 s

−1) and the other one with

Fig. 3 Microscopy images of soy
desserts containing 8 % soy
protein isolate and 3 % starch
(ST) (a) or 0.5 % carboxymethyl
cellulose (CMC) (b). Micro-
graphs taken at 40× magnifica-
tion, 10 °C, scale bars to 5 μm,
and stained with Rhodamine B
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their viscoelastic behaviour (η8Hz, complex dynamic viscosity
at 8 Hz). A two-way ANOVAwas used to study the combined
effects of SPI content and thickener concentration on these
index values. In starch-based samples, the interaction between
these factors was significant for both parameters (η50:
F = 211.14, p < 0.01 and η8Hz: F = 679.60, p < 0.01), indi-
cating that the effect of SPI content was different, depending
on starch concentration. When the variation in the two thick-
ness index values was compared, a similar trend was observed.
In general, η50 and η8Hz increased with starch concentration for
both SPI concentrations, but this increase was more evident in
samples with the higher SPI concentration (Fig. 4a, b). In these
samples (with 8% SPI), a higher effect of starch on η8Hz values
was observed at concentrations over 2.5 %. With respect to the
CMC-based samples, similar results were obtained. The inter-
action between the two effects was also significant in the
values of the two thickness indices (η50: F = 1310.6, p < 0.01
and η8Hz: F = 296.5, p < 0.01). In the case of the η8Hz param-
eter, at the lowest CMC concentration no significant differences
were found between sampleswith the sameCMCconcentration

and different SPI contents, but when the CMC concentration
was increased over 0.3 % significant differences were observed
(Fig. 4c, d). The good correlation obtained between the two
index values (R2 = 0.92) seems to confirm the practical utility
of both of these instrumental measurements to predict
perceived consistency or thickness in this type of semisolid
product (Cook et al. 2003; Arancibia et al. 2013b).

Conclusions

The addition of hydrocolloids with different physicochemical
properties and structural characteristics modifies the rheolog-
ical behaviour and the thickness perceived in soy systems in
different ways. Thus, it is possible to obtain high-protein soy
desserts of similar rheological behaviour or thickness index
values by adding different hydrocolloids at different concen-
trations. This fact can favour the possibility of designing high
protein soy desserts with novel and different textures. In any
case, more information about the different hydrocolloids
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Fig. 4 Apparent viscosity at 50 s−1 (a and c) and complex dynamic viscosity at 8 Hz values (b and d) of soy desserts with starch (a and b) or
carboxymethyl cellulose (CMC) (c and d) containing 6 % (○) or 8 % (△) of soy protein isolate (SPI)
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effects on product stability and their perceived flavour and
texture is needed to obtain soy desserts with high quality
and that are more accepted by consumers.
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