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Effects of enzymatic modification of soybean
protein on the pasting and rheological profile of

starch—protein systems
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Reformulation of traditional food systems to introduce new ingredients may change their
structure and perceived texture. Interactions between proteins and starch during processing
can markedly influence starch gel network structure and rheological profile. The present work
aimed to study the effects of soybean protein and the products of enzymatic modification on
the pasting and rheological profile of corn and cassava starch. The behavior of those protein-
enriched gels during storage was also assessed. Soybean protein isolate (SPI) was incu-
bated with endopeptidase (AL) or food grade microbial transglutaminase (TG). Pasting and
rheological behavior, water retention capacity, and structure of protein— and hydrolyzed
protein—starch gels were analyzed. Protein incorporation increased the viscosity of starch
suspension during and after heating. SPI-modified proteins increased peak viscosity. Only the
structural modifications brought by TG on SPI increased the final viscosity during starch
pasting and the storage modulus (G’). This modulus (G’) of the gelled systems decreased with
the addition of AL-treated protein isolate. Light and fluorescence microscopy showed that SPI
formed a continuous phase, like a network, in the gelled system. Different network structures
and rheological properties can be obtained when SPI are modified by protease and TG
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enzymes, which may be very useful for designing new food products.

Keywords:
Enzymatic modification / Starch / Soybean protein

1 Introduction

Reformulation of traditional food systems to introduce new
ingredients may change their structure and perceived tex-
ture, since products result from interactions between differ-
ent components. The development of protein-enriched
products has focused the attention of food technologist
when aimed at the design of innovative food with improved
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nutritional properties. Interactions between proteins and
starch during processing can markedly influence starch gel
network structure and rheological profile.

It is well known that protein yield per hectare from
soybean is the highest among all other animal or plant
sources. No other source has as much protein with good
nutritional quality due to its amino acid composition and
biological availability. Soybean is rich in lysine but deficient
in methionine and cysteine. Soybean thus can serve, as a
complementary protein for cereals that are deficient in
lysine and rich in methionine [1].

Functionalities of commercially available soybean
proteins are further lowered as a result of denaturation
during the prior defatting process. Ribotta et al. [2] ana-
lyzed the influence of soybean protein on physical and
rheological properties of wheat starch and the interactions
among them. The main results showed that soybean
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protein isolate (SPI) increased the viscosity of starch sus-
pension during and after heating, and pastes and gels with
soybean protein presented a weaker structure than non-
protein products. The negative changes of the inclusion of
soybean protein in starch systems could be overcome or
decrease by enzymatic modification of proteins.
Improvement of soybean protein functional properties,
therefore, is highly desirable so that they may successfully
perform specific functions in food applications. The modi-
fications of proteins by enzymatic methods have been
extensively studied and have been shown to be very
powerful tools for improving the functional properties of
these macromolecules.

Food proteins could be hydrolyzed to improve nutritional
and functional properties and texture characteristics, to
remove odor, flavor, and toxic or antinutritive components
[3-5]. Partial hydrolysis reduces the molecular weight and
increases the solubility in water over the entire pH, enhanc-
ing both foaming capacity and stability [1]. Alcalase® (AL:
2.4 L FG) is a serine alkaline protease produced by a
selected strain of Bacillus licheniformis. lts main enzyme
component, subtilisin Carlsberg (also called subitilisin, sub-
tilisin A, subtilopeptidase A, and alcalase novo). The
enzyme has a pH optimum for activity between pH 8
and 9 and broad pH stability [6]. Adler-Nissen [7] revealed
that AL has a broad specificity but mainly cleaves on the
carboxyl side of hydrophobic amino acids.

The improvements in the functional properties of food
proteins by cross-linking could increase their application
scope in the food industry. Transglutaminase (TG, protein-
glutamine vy-glutamyltransferase, EC 2.3.2.13) catalyzes
an acyl-transfer reaction between the v-carboxyamide
group of peptide-bound glutamine residues (acyl donors)
and a variety of primary amines (acyl acceptors), including
the e-amino group of lysine residues. TG can modify
proteins by means of amine incorporation, cross-linking,
and deamidation [8]. The most dominant reaction
catalyzed by TG is the covalent cross-linking between
an g-amino group on protein bound lysine residues and
a y-carboxyamide group on protein-bound glutamine res-
idues [9]. The enzyme has a pH optimum range for activity
between pH 5 and 8 (Data Sheet provided by Ajinomoto
Co., Inc.Tokyo, Japan). Cross-linking of food protein by TG
from microbial sources has been extensively studied. This
enzymatic cross-linking has been proved to be effective in
improving some functional properties of soybean proteins
as hydration and gelling ability, emulsifying or foaming
properties of soybean protein digests, and thermal proper-
ties [10, 11], and gelling ability [12-15]. This strategy has
been applied for developing protein-enriched gluten free
breads, obtaining protein networks with good features for
bread-making performance [16].

The present work aimed to study the effects of soybean
protein enzymatic modification by protease or TG on the
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pasting and rheological profile of corn and cassava
starches. Microscopic studies were also carried out for
explaining the impact of enzyme treated soybean proteins
on the starchy structures.

2 Materials and methods
2.1 Materials

Native corn (123 g/kg moisture, 4.1 g/kg protein, dry
basis) and cassava (156 g/kg moisture, 4.2 g/kg protein,
dry basis) starches were purchased in the local market
(Sefnor de Sipan, Argentina). Commercial SPI was
obtained from Trades SA (Barcelona, Spain) and had
moisture, protein, lipid, and ash contents of 69, 808, 2,
and 36 g/kg (dry basis), respectively. Food grade
microbial TG from Streptomyces spp. from Ajinomoto
Co., Inc., (100 U/g) was kindly supplied by Apliena, SA
(Terrasa, Barcelona, Spain). The composition of TG exci-
pient was 1% enzyme + 99% maltodextrin (Safety Data
Sheet). Protease from B. licheniformis AL was kindly
donated by Novozymes (Madrid, Spain). All reagents
in this study were of analytical grade. The composition
of AL excipient was glycerine and water (Safety Data
Sheet).

2.2 Alcalase and transglutaminase treatments
of soybean protein isolates

Soybean proteins (1.32 g) were dispersed in 20 mL of
distilled water. The pH of the suspension was adjusted
to ~6.5. Preliminary assays were conducted to optimize
the incubation time and enzyme amount to produce
extensive enzymatic reaction followed by electrophore-
sis studies. TG (0.83 TG units/g SPI) or 30 pL of AL
(49.1 mAU/g SPI) was added to the protein suspen-
sions. The suspensions were incubated for 5h at
35°C. The enzyme was inactivated by keeping the
mixture in boiling water bath for 10 min and the
slurry was cooled down to room temperature. Non-
enzymatically treated ISP followed the same procedure
(incubation for 5 h at 35°C and heating for 10 min) than
the enzyme treated samples except that no enzyme
was added.

2.3 Protein and peptide solubility

The digested mixtures were centrifuged (4400 x g, for
15 min) to precipitate insoluble protein. The supernatants
were analyzed for nitrogen content (micro-Kjeldahl method
AACC 46-13). The reaction progress was estimated by
measuring the nitrogen content of the supernatants, which
was able to keep soluble in a solution of 10% TCA as
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showed by Kong et al. [17]. Each determination was done,
at least, in duplicate.

2.4 Electrophoresis

The digested mixtures were centrifuged (4400 x g, for
15 min) to precipitate insoluble protein. The supernatants
were analyzed by the SDS-PAGE. It was performed using
gels of T = 12% and C = 2.7%. The gels were 0.75-mm
thick and consisted of a 2-cm stacking gel and an 8-cm
running gel. The electrophoresis was conducted at a con-
stant voltage of 150 V until the front reached the end of the
gel (in approximately 90 min). A Mini Protean Il Slab Cell
(BioRad Laboratories, Richmond, CA) was used. MW
standards were obtained from BioRad (Broad range,
BioRad Laboratories, Hercules, USA). Equal volumes of
each extract were applied to the electrophoresis gels for
quantitative comparisons. The gels were stained with
0.25% CBB R in methanol/water/acetic acid (4:5:1 v/v)
and were distained in the same solvent.

2.5 Viscosity profile during the thermo-
mechanical process

A rapid visco-analyzer (RVA) instrument (Newport
Scientific, Australia) was utilized to prepare the samples
and follow the apparent viscosity profile of the samples as
a function of temperature and time. Corn or cassava starch
(1.32 g) and the slurry from enzymatic treatment (1.32 g of
SPI and 20 mL of water, pH 6.5) and 5 mL of water (after
rinse the protein slurry) were place inside the aluminum
canister and the pH was again adjusted to 6.5. Mixtures
had 4.8% w/w starch and 4.8% w/w SPI. Corn and cassava
starch were also analyzed by dispersing 1.32 g of starch
with 25 mL of distilled water (5.0% w/w starch). RVA corn
starch Pasting Method was applied as follows: automatic
stirring action was set at 960 rpm for 10 s and then slowed
down to 160 rpm. The temperature of the sample was
equilibrated at 50°C, heated to 95°C for 4 min 42 s, held
at 95°C for 3 min, cooled to 50°C over 3 min 42 s, and
then held at 50°C for 2 min. Viscosity and temperature
were recorded over time; data gathering and analysis
were performed using Thermocline for Windows software,
provided by the instrument manufacturer Pasting
temperature (PT), peak viscosity (PV), final viscosity
(FV), breakdown (BD), and setback (SB) were obtained
from the viscograms.

After the measure of viscosity profile, the suspension
was poured while hot (50°C) into polypropylene tubes,
30 mm diameter, cooled to room temperature (25°C),
and kept for 4 h at that temperature. The samples were
stored at 25°C and at 4°C before analyzing the rheological
properties and syneresis, respectively. Each analysis was
done in duplicate.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.6 Rheological measurements

After the thermo—mechanical preparation process, the
samples were kept at 25°C for 24 h. The viscoelastic
behavior of each sample was measured in duplicate.
Measurements were carried out in a controlled stress
rheometer RheoStress 1 (Thermo Haake, Germany),
using serrated plate—plate geometry of 60 mm diameter
and 0.5 mm gap, at a temperature of 25°C. Samples
were carefully poured into the lower plate to minimize
the possible breakdown of the gel network. After
descending the upper plate, samples were allowed to
rest for 3 min. Fresh sample was loaded for each
measurement. In order to determine the linear viscoe-
lastic region, strain sweeps (0.01—100%) were run at
1 Hz. The frequency sweeps were then performed at
0.04% over a frequency range of 0.01-10 Hz and the
values of the storage modulus (G’), the loss modulus
(G"), and the loss tangent (tan 3), as a function of fre-
quency, were calculated using the Rheowin Pro Software
(version 2.93, Thermo Haake). Two fresh samples of
each gel lot were measured and gels were elaborated
in duplicate to ensure reliable results.

2.7 Syneresis

Syneresis was measured by a centrifugation test [2] using
a Beckman J2-MI centrifuge (Beckman Instruments,
USA). Starch and starch—-soybean protein dispersions
(prepared as described previously) (~15 g) were placed
into 50 mL centrifuge tubes while they were hot and
stored seven days at 4°C. After storage, the gels were
tempered at 25°C for 2 h and centrifuged at 1500 x g for
15 min at 25°C. After centrifugation the free water was
separated, weighed, and expressed as percentage of the
total water present in the gel. Measurements were the
mean of three repetitions for each duplicated gel.

2.8 Bright field and fluorescence microscopy

The gelatinized starch and starch/protein gels were
poured and spread out onto microscope slide and the
samples were dehydrated using pure ethanol and hot air.
Starch was detected using iodine solution, and proteins
were detected with Ponceau Red. The dry samples were
stained with iodine (0.2% w/v iodine and 2% w/v potass-
ium iodide) and Ponceau 2R (0.2% w/v Ponceau 2R in
50% ethanol containing 0.18% v/v of 0.5 M H,SO,)
solutions. After each staining, sections were rinsed in
distilled water, followed by a wash in 70% v/v ethanol
and finally washed in absolute ethanol. The distribution
of protein and starch in the sample was observed using a
light/fluorescence Nikon Eclipse 90i microscope (IZASA,
Spain).
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2.9 Statistical analysis

The data obtained were statistically treated using analysis
of variance while the means were compared by the LSD
Fisher test at a significance level of 0.05 using
Statgraphics Plus Software (v2.01).

3 Results and discussion
3.1 Alcalase and transglutaminase treatments

A significant reduction of nitrogen solubility was found
when SPI was treated with TG, from 2.84 + 0.00 mg/mL
(non-treated proteins) to 2.18 + 0.13 mg/mL (TG-treated
proteins), which represents a decrease of 23% protein
solubility. SDS-PAGE protein patterns are shown in
Fig. 1. TG-treated SPI (line 2) showed an evident increase
in intensity at the top of the running gel and a slight
reduction of some band areas (arrows) as compared with
the non-treated protein profile (lane 1). This result confirms
the formation of protein polymers of higher molecular
weight with a concomitant disappearance of the lower-
molecular weight polypeptides. The reduction of nitrogen
solubility was associated to the increase in molecular
weight of these proteins. Similar results were reported
by Tang et al. [15] and Marco et al. [18]. when soybean
protein and SPl-rice flour blends, respectively, were
treated with TG. Conversely, Walsh et al. [14] did not
find differences in solubility of TG-treated SPI
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Figure 1. Effect of TG and AL on electrophoretic protein
profiles. Lanes: Molecular weight standard (St), not mod-
ified SPI (1), TG-treated SPI (2), and AL-treated SPI (3).
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between pH 6.5 and 8, likely due to the solubility behavior
was pH dependent. The discrepancy could arise from
the production process of the protein isolate, since it
may cause physical and chemical changes and, therefore,
they may affect the solubility of the proteins [19].

The nitrogen content on 10%-TCA supernatants
increased from 0.163 &+ 0.02 mg/mL  (non-treated
proteins) to 1.06 + 0.13 mg/mL (AL-treated protein).
The dramatic increase of peptides as consequence of
hydrolytic activity of protease was confirmed by SDS-
PAGE pattern of AL-treated SPI. It showed a total disap-
pearance of bands along the running gel and an increase
of low molecular weight bands (Fig. 1, lane 3).

3.2 Starch pasting profile

Figure 2 shows the pasting profile of cassava (T) and corn
(C) starches and their combinations with treated and non-
treated SPI.

When starch granules are heated above the gelatiniza-
tion temperature in the presence of water, the starch gran-
ules absorb water and swell, resulting in an increase
in viscosity. The temperature at the onset of this rise in
the viscosity can be considered as the PT in the RVA. The
viscosity of the paste increases to the point where the
number of swollen-intact starch granules is maximum, this
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Figure 2. Effect of soybean proteins on corn and cassava
starch pasting properties. C: Corn starch, T: cassava
starch, SPI: soybean protein isolate, SPI + TG: TG treated
SPI, SPI + AL: protease treated SPI.
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point is named PV and it is considered to be indicative of
water-binding capacity. Swelling of granules, accompanied
by leaching of amylose, increases the viscosity, while
granules may rupture during further heating, resulting in
a decrease of viscosity. During the holding period at 95°C,
the sample is subjected to mechanical shear stress, which
usually leads to further disruption of starch granules and
amylose leaching. Leached-out amylose molecules are
more or less aligned in the direction of flow, which con-
tributes to the BD in viscosity. As the sample is sub-
sequently cooled down to 50°C, reordering of amylose
chains results in an increased in viscosity until a gel is
formed, which is defined as SB. This parameter is related
to the retrogradation of the amylose chains. The viscosity
at the end of the test is defined as FV.

Cassava starch presented lower PT but higher PV and
FV than corn starch (Table 1). The lower PT and rapid rise
in viscosity during heating of cassava starch compared
to corn starch indicates weaker granular structure
and better water binding properties than corn starch.
Moreover, cassava starch showed superior thickening
properties, as indicated the higher FV, than corn starch.
The SB values showed higher retrogradation rate in cas-
sava starch dispersion than in corn starch.

Proteins could affect the gelatinization process in differ-
ent ways depending on their ability to retain water and
their interaction capacity with the starch molecules and
surface granules. The PTs of corn starch—protein mixtures
were lower than corn paste (Table 1). Similar results were
reported by Goel et al. [20], who studied the effect of
casein and casein hydrolysates on corn starch gelatiniza-
tion. On the other hand, mixtures of cassava starch and
proteins showed an increase of PT relative to cassava
starch, but a two steps increase was detected during
heating. Likely, the viscosity pattern observed in the pres-
ence of SPI might be due to the thermal induced gelation of
the proteins that occurs after aggregation of the protein
polymeric chains on the viscosity increase of starches
during heating [21]. The addition of SPI increased the

Enzymatic modification of soybean protein 377

viscosity of starch suspension during and after the heating
process. The increase of viscosity during cooling or SB,
usually related to the crystallization of the amylose chains
when starches are studied, could be affected by the reor-
ganization of the denatured proteins from the protein iso-
lates [11]. During heating, at the same time that water is
absorbed, material is leached out from the starch granules.
This material is largely amylose, although amylopectin and
intermediate material (less branched than amylopectin)
are present, the amount of leached material depended
on the starch type, the shearing force and the pasting
conditions [22]. These researchers also described the
gelatinized starch suspension as a composite material
composed of a dispersed phase (starch granules) in a
continuous polymer solution (amylose/amylopectin). The
rheological properties of such system depend on the prop-
erties and the ratio of the components of the continuous
phase, the interaction between them and between the
dispersed phase and the matrix. Proteins contain many
hydrophilic groups which are capable of forming cross-
links with starch molecules and starch granules. These
cross-links may be responsible for their higher paste
viscosity as compared to a starch paste. It is also possible
that the starch—protein interactions affected adhesion
between phases [2, 20]. Simutaneouly, the effective con-
centration of starch in the continuous phase, as a con-
sequence of the hydration and solubilization of soybean
protein, could increase paste viscosity. Lim and Narsimhan
[23] showed that soybean proteins increased PT and over-
all viscosity of soybean protein/starch/high fructose corn
syrup pastes, and they suggested that this trend could be
due to an increase in the concentration of solid contents
resulting from the addition of soybean proteins, and/or
through self-aggregation of soybean globulins.

AL- and TG-treated proteins produced a higher incre-
ment of PV than non-treated proteins (Table 1), being the
highest value induced by TG. The addition of AL-treated
SPI decreased FV related to non-treated SPI incorpora-
tion. On the other hand, TG-treated protein increased

Table 1. Effect of soybean protein isolates (SPI) treated with protease (AL), or transglutaminase (TG) on pasting properties

of corn (C) and cassava (T) starches

PT (°C) PV (cP) FV (cP) BD (cP) SB (cP)
c 90.0 + 2.8 373 + 1 299 + 12 112 £ 1 38 + 12
C-SPI 779 £12 487 £ 7 969 + 25 46 + 4 530 + 14
C-SPI + AL 67.3 + 4.5 664 + 20 758 + 13 207 + 8 301 + 25
C-SPI + TG 743 £ 1.7 769 + 3 1307 + 25 81 + 11 618 + 17
T 69.8 + 0.4 635 + 20 697 + 5 182 + 19 243 + 6
T-SPI 72.7 £ 0.0 1292 + 14 1660 + 17 299 + 16 666 + 15
T-SPI + AL 70.7 £ 0.5 1461 + 6 989 + 11 832 + 18 360 + 23
T-SPI + TG 70.7 £ 0.4 1770 + 11 1791 + 1 641 + 16 662 + 6

PT: pasting temperature, PV: peak viscosity, FV: final viscosity, BD: breakdown, and SB: setback.
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(p<0.05) both PV and FV of starch pastes relative to non-
treated soybean proteins.

Proteins subjected to different mode of enzymatic
modifications might have different surface characteristics,
and consequently, diverse starch- and water-interaction
behaviors. These differences between non-treated and
enzyme-treated proteins could be attributed to dissimilar
ability to interact with gelatinized starch components and to
the changes on the protein solubility and water retention
capacity.

By the time PV is reached, granules have absorbed
water, and swelled. With continued stirring, the disruption,
and fragmentation of more granules occur, causing a fur-
ther decrease in viscosity (BD). BD of corn starch was
decreased by the incorporation of non-treated and TG-
treated proteins. On the other hand, BD of cassava
starch was increased by the incorporation of non-treated
and TG-treated proteins. These results indicated structural
differences of the hydrated granules from corn and
cassava. The decrease of viscosity was improved (much
more higher compared to TG- or non-treated protein) by
AL treatment. It seemed that protein depolymerization
improved granule fragmentation and rupture, or low mol-
ecular protein could interfere between particles of dis-
persed phase, decreasing the particle adhesion.

Protein addition improved final tri-dimensional struc-
ture of the system, and this improvement was related with
the degree of polymerization of soybean protein, the
more the proteins were polymerized the more the FV
increased. In a system containing whey proteins and
corn starch, it has been postulated that it is the entan-
glement of the protein rather than the swelling of starch
which causes differences in the viscosity of the system
[24], which also could fit to soybean proteins and starch
system.
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3.3 Rheological properties of the gels

The frequency sweep plots (Fig. 3) showed that the cassava
and corn starches with and without SPI presented typical
characteristics of a solid-like behavior because the storage
modulus was higher than the loss modulus (G'>G")
throughout the whole range of frequency tested, and the
difference tended to increase as the frequency decreased,
and both moduli were frequency-dependent. In corn starch,
G’ was independent of the frequency up to frequencies of
0.1 Hz, further on a slightly increased was observed. In
opposition G’ of cassava starch showed a steady increase
with frequency. In both starches, G” was highly dependent
on the frequency, showing increasing values with the fre-
quency increase. Both cassava and corn starch pastes
exhibited a predominant elastic response as it is showed
by the loss tangent values (Fig. 4). However, cassava starch
had higher values of loss tangent than corn starch. Corn
starch gel behaved more like a “true gel” when the mol-
ecular rearrangements within the network are reduced over
the time scales analyzed; while cassava starch gel per-
formed like a “weak gel” suggesting the existence of relax-
ation processes occurring even at short time scales [25].
Regarding to the macroscopic aspect of the gels, cassava
showed a liquid more than solid aspect, and the opposite
was observed in corn starch. These results indicated
that corn displayed a stronger gel structure and a higher
recovering of the stored energy than cassava starch.

The shape of the moduli and loss tangent plots versus
frequency was similar for all (enzyme treated and non-
treated) corn starch-SPI dispersions, where G’ exhibited a
small dependence at high frequencies, but it was almost
independent of frequency below 1-0.1 Hz. On the other
hand, the shape of the G’ and G’ versus frequency curves
for cassava starch gels changed when SPI was included,
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Figure 3. G’ and G” as a function of frequency. (A) Corn starch, (B) cassava starch. Starch [G'(e), G"(<)], starch + SPI
[G'(M), G"(O)], starch + SPI + TG [G'(A), G"(A\)], and starch + SPI + AL [G'(®), G"(O)].
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Figure 4. Loss tangents as a function of frequency. (A) Corn starch, (B) cassava starch. Starch (<), starch + SPI (R),

starch + SPI + TG (A), and starch + SPI + AL (@).

both G’ and G” exhibited smaller dependence at low fre-
quencies and the differences between moduli were higher
when SPI was incorporated. Moreover, the moduli were
dramatically shifted to higher values. The “true gel” behav-
ior was accentuated when SPI was included on both cas-
sava and corn pastes.

The loss tangent values for cassava starch gels
decreased when SPI was included, but the opposite effect
was recorded when SPl was included to corn starch,
showing the viscoelastic behavior was accentuated when
SPI was included on cassava pastes and the opposite
effect was produced on corn pastes. Therefore, the effect
of SPI on the viscoelastic behavior of starch gels is com-
pletely dependent on the starch nature. The same effect
was reported when SPI were added to rice flour [11].

The addition of modified proteins on both cassava and
corn gels did not affect the shape of the moduli and loss
tangents versus frequency curves compare to the gels with
non-treated SPI (Figs. 3 and 4). However the values of
the moduli changed significantly when soybean proteins
were enzymatically modified. Table 2 shows the values of
the moduli and loss tangent at 1 Hz of gels at 25°C. The

moduli were shifted to higher values when TG-treated
proteins were included on starch pastes, and corn gels
showed the highest increment. On the other hand, both
moduli were considerably shifted to lower values when AL-
treated proteins were included on starch gels. This trend
was similar to the FV recorded during the pasting of
starch—protein dispersions, indicating that low molecular
weight protein could modify the interactions between
particles of dispersed phase and decreasing their
adhesion, and the properties of the continuous biopolymer
matrix (amylose/amylopectin).

When comparing the effects of treated and non-treated
protein on gel rheology, the results indicated that the vis-
coelastic behavior was stressed when TG-treated SPI was
included on the gel and the opposite effect was produced
by AL-treated SPI.

3.4 Microstructure of protein—starchy gels
The distribution of starch and proteins in the gels was

studied by the double-staining method and combining light
and fluorescence microscopy. Figures 5 and 6 show

Table 2. Effect of soybean protein isolates (SPI) treated with protease (AL), or transglutaminase (TG) on rheological

properties of corn (C) and cassava (T) starch gels

G’ (Pa) G’ (Pa) Loss tangent
C 747 £ 8.0 9.0+04 0.122 + 0.016
C-SPI 73.8 £ 3.1 13.9 + 1.1 0.188 + 0.007
C-SPI + AL 67.5+ 27 11.1 £ 0.3 0.165 + 0.005
C-SPI + TG 107.6 £ 5.4 18.2 £ 0.9 0.169 + 0.009
T 10.2 £ 0.2 4.0 £ 0.1 0.390 + 0.007
T-SPI 56.5 + 5.5 106 £ 1.0 0.188 + 0.007
T-SPI + AL 340+ 1.5 6.2+ 0.3 0.184 + 0.006
T-SPI + TG 58.1 £ 3.9 12.0 £ 0.2 0.207 £ 0.010

G’, storage modulus; G”, loss modulus. Measurements at 1 Hz.
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micrographs of corn and cassava starches and mixed
protein—starch gels. The swollen starch granules were
seen in blue (light microscopy) (light gray in Figs. 5 and
6, left columns) and black (fluorescence microscopy) (dark
gray in Figs. 5 and 6, right columns), while the proteins
appeared in red (light and fluorescence microscopy) (dark
gray in Figs. 5 and 6, left columns; and light grey in Figs. 5
and 6, right columns). Corn (Fig. 5A) and cassava (Fig. 6A)
gels exhibited different network structure. Corn gel dis-
played a continuous phase formed by swollen starch gran-
ules pressed against each other, while no starch granules
were identified on cassava gel structure. It appeared that
cassava granular structure was complete disintegrated by
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Figure 5. The light (left) and fluores-
cence (right) micrographs of corn starch
and mixed protein—corn starch gels.
(A) Corn starch, (B) corn starch + SPI,
(C) corn starch + SPI + AL, and
(D) corn starch + SPI + TG.

stirring during pasting processes and let a dispersed phase
formed by continuous polymer dispersion (amylose/amy-
lopectin). The rheological properties of such system
depend on the properties and the ratio of the components
of the continuous phase, the interaction between them and
between the dispersed phase and the matrix. Therefore,
the dissimilarities of the structures could explain the differ-
ences in the rheological behavior of the cassava and corn
starches and their mixtures with ISP,

When SPI was included in corn pastes (Fig. 5B), the
swollen granules were more separated and the protein
appeared to be randomly distributed over the starch dis-
persion. Protein, but also leached out material, seemed to

www.starch-journal.com
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be localized in the intergranular space between the swollen
starch granules. Conversely, SPI-cassava gels showed
both protein and starch strands randomly distributed.
From these observations, the SPl-starch suspensions
could be described as a co-existence of protein-rich zones
and starch-rich zones, while corn starch-SPI exhibited the
highest separation.

The addition of protease treated SPI drastically
changed the structure of the starchy gels. In corn and
cassava gels, the protein matrix was barely visible
(Figs. 5C and 6C). In opposition, the addition of TG treated
SPI to starchy gels intensified the presence of protein
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Figure 6. The light (left) and fluores-
cence (right) micrographs of cassava
starch and mixed protein—cassava
starch gels. (A) Cassava starch,
(B) cassava starch + SPI, (C) cassava
starch + SPI + AL, and (D) cassava
starch + SPI + TG.

agglomerates in the cassava gels (Fig. 6D), and also
favoring the formation of two phases formed by starch
and proteins. That effect was not as readily evident in
the case of corn starch (Fig. 5D).

Thermal gelation of proteins is a process that requires
initial protein unfolding, with exposure of additional hydro-
phobic residues to the aqueous solvent, and subsequent
interaction of the exposed residues to form aggregates [26,
27]. Starch gelation occurs as the hydrated and dispersed
starch molecules reassociate, and linear amylose mol-
ecules associate more readily than branched amylopectin
molecules. Gelatinized starch dispersion may be regarded
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as a composite material comprised of a dispersed phase
(starch granules and granular fragments) in a continuous
biopolymer matrix (amylose/amylopectin) [2, 22].

Morris [28] pointed out that because proteins and
starches are thermodynamically different biopolymers, their
presence together might lead to phase separation, inver-
sion, or mutual interaction. The behavior of biopolymers has
significant consequences on the mechanical properties of
their mixtures. In an agqueous medium, protein starch sys-
tem can be thermodynamically compatible (associative, the
biopolymers attract each other) or incompatible (seggrega-
tive, biopolymers repel each other). If they are thermody-
namically incompatible, a two-phase system is obtained in
which the two molecules are mostly in separate phases. On
the other hand, if they are thermodynamically compatible a
homogeneous and stable system, in which the two mol-
ecules co-exist in a single phase, or a two-phase system
where the molecules interact and both are in essentially
concentrated phases could be formed [29, 30].

The pH condition used in this study (pH 6.5), increased
collective negative charge of soybean protein (pl ~ 4.5-5),
leading to decreased strength of the protein—protein inter-
actions and an increase in the surface of contact with solvent.

The increase of solid-like behavior on SPI-starch struc-
ture when gelation takes place could be a consequence of
the mutual exclusion of soybean protein and starch from
the polymer domain of the other, which increase the effec-
tive concentration of both. Since higher excluded volume
increases mutual competition between macromolecules
for solution space [31], this hypothesis could explain the
effect of enzymatically treated-protein addition on solid-
like behavior. TG-treated proteins, having higher molecular
weight, produce higher exclude volume; and AL-treated
proteins, showing lower molecular weight, produce lower
exclude volume.

3.5 Syneresis

The water separated from starch gels or starch-containing
products is usually viewed unfavorably since it is associ-
ated to produce product deterioration and led to consumer
rejection. The release of water is produced by the reor-
ganization of starch molecules or retrogradation of starch-
based systems during storage [31] and by the interaction
between leached amylose and amylopectin chains, which
lead to the development of junction zones [32].

Cassava gels did not showed water separation during the
storage period (7 days), while corn gels released between
11.9 and 25.2 g of water per 100 g of total water (Fig. 7).

Non-treated SPI and TG-treated SPI decreased the
released water due to the high water retention capacity
of these proteins. AL-treated proteins dramatically
increased gel syneresis, it reached ~25%, even higher
than the one observed in corn starch gel without SPI. This
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Figure 7. Effect of soybean protein on corn gel syneresis.
C: Corn gel, C-SPI: soybean protein isolate-corn starch
gel, 2: SPI + TG: TG treated SPI-corn starch gel, and
SPI + AL: AL treated SPI-corn starch gel.

behavior could be explained by the loss of water retention
capacity as consequence of hydrolysis process and by the
negative effect of hydrolyzed protein on gel structure, as
was shown by rheological analysis.

4 Conclusions

AL and TG modified proteins affected significantly the past-
ing behavior of both corn and cassava starches. Protein
addition increased paste viscosity, and it the extent of that
effect was related with the degree of polymerization of
soybean protein. Similar trends were found on rheological
profile of protein—starch systems, the viscoelastic behavior
was stressed when TG-treated SPI was included on the gels
and the opposite effect was produced by AL-treated SPI.
While cassava (with and without proteins) gels did not show
water separation, corn did it, and the hydrolyzing process of
proteins dramatically increased gel syneresis.

Protein modification as consequence of TG and AL
action modified the pasting, rheological, and syneresis
behavior, showing that the enzymatic modifications of
soybean proteins could overcome the negative changes
of the inclusion of soybean protein in starch-based sys-
tems. It could be an important tool to increase their appli-
cation scope in the starch-based foods.
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