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The rheological properties and gelation kinetics of corn starch (CS)/bovine serum albumin (BSA) blends
were investigated using the mass ratio of [CS]/[BSA] of 0, 0.5, 1, 2, and 3. The results from the temperature
ramp and time sweep tests within linear viscoelastic regime showed a decrease in the gelation temperature
(Tgel) and gelation time (tgel) of the BSA with increasing the mass ratio of [CS]/[BSA]. A significant
decrease in the Tgel and tgel occurred at 5 wt.% BSA with [CS]/[BSA] = 3, where about 12 ℃ and 11 min
drops in the Tgel and tgel were recorded. At the molecular scale, the decrease in the Tgel and tgel with increasing
the mass ratio of [CS]/[BSA] was attributed to the breaking down of hydrogen bonding sites in the CS mol-
ecules with increasing temperature, and thereby allowing the hydroxyl group to engage in intermolecular
hydrogen bonding with the BSA polar amino acid residues. The hydrogen bonding in addition to other non-
covalent forces appeared to strengthen the microstructure of the CS/BSA gel as confirmed by the dynamic
frequency sweep test. The frequency sweep test also showed that the value of the storage modulus (G') at
[CS]/[BSA] = 3 was about 10 to 103 orders of magnitude larger than its value recorded for the pure BSA.
Kinetically, the gelation process was well modelled by the temperature dependency of reaction rate constant
as represented by the Arrhenius equation. If interpreted in terms of the energy required to attain the gel state,
the addition of CS reduced the gel activation energy (E

a
) to 153.90 kJ/mol as against the original value of

268.55 kJ/mol that was observed for the BSA without CS.
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1. Introduction

Starches and proteins are arguably the leading macro-
nutrients in the world. They are the two main components
used extensively in processed dairy products to control
and enhance texture and sensorial properties (Agoda-
Tandjawa et al., 2017; Carvalho et al., 2007). The nature
of the interactions that exist between them and water mol-
ecules directly influence the final quality of the products
(Agoda-Tandjawa et al., 2017; Ratnayake and Jackson,
2006).

Corn starch is a chemically neutral semi-crystalline
polysaccharide with molecular weight of about 692.7 g/
mol. It is composed of chains of monosaccharide units
bound together by glycosidic linkages. Its molecular struc-
ture is made up of crystalline and amorphous regions, with
the crystalline region consisting of amylopectin polymers
of which the outer branches are joined together by hydro-
gen bonds, forming crystallites that are readily disrupted
upon heating (Carvalho et al., 2007; Ratnayake and Jack-
son, 2006). The amorphous region comprises the water-
insoluble amylose and some amylopectin branch points
(Ratnayake and Jackson, 2006). When the hydrogen bonds
connecting the crystallite branches are broken in presence
of water and heat, a new hydrogen bonding site in the

molecule is created which can engage more water mole-
cules (Agoda-Tandjawa et al., 2017; Ratnayake and Jack-
son, 2006). As compared to corn starch, bovine serum
albumin (BSA) is a spheroprotein with molecular weight
of about 66,500 g/mol. Just like other globular proteins, it
is readily soluble in water, acquiring net negative charge
(≈ 16 electron unit) at neutral pH, and melts between 59
63 ℃ when heated (Carter and Ho, 1994; Nnyigide et

al., 2018). BSA (as the name suggests) is sourced from
bovine blood, a slaughterhouse waste product of the cattle
industry (Nnyigide et al., 2019). The crystal structure of
BSA is predominantly alpha helical with ≈ 67.02% alpha
helix linked by 17 intrachain disulfide bonds with one free
thiol group at residue 34 (Bujacz, 2012; Carter and Ho,
1994). It has been shown that depending on the concen-
tration, BSA at pH 7 forms a gel at a temperature range
from 70 to 88 ℃ (Nnyigide et al., 2017).

A review of the literature indicates that the gelation of
polysaccharides and proteins is an active field of funda-
mental research owing to the wide-spread applications of
biopolymer-based hydrogels (Van Vlierberghe et al., 2011).
For instance, gels derived from natural polymers are
widely used for texturization, drug encapsulation and food
packaging (Nnyigide et al., 2017). Their preference over
synthetic polymers stems from their renewable nature, low
toxicity, biodegradability and biocompatibility (Carvalho
et al., 2007). Despite these numerous advantages, they*Corresponding author; E-mail: kyuhyun@pusan.ac.kr
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suffer from poor mechanical properties, and in some cases
(e.g. the BSA), high gelation temperature or time (Tgel or
tgel). Thus, in order to adapt the hydrogels to a specific
application, the use of additives like metal salts, metal
ions, osmolytes, nanoparticles and sugars is desirable
(Nnyigide and Hyun, 2018a). Among all the additives,
however, the mixtures (or blends) of polysaccharides and
proteins are gaining more attention, since both are cheaply
available and ‘non-toxic’ nutrients.

Recently, a study by Agoda-Tandjawa et al. (2017) on
the behaviour of a ternary system consisting of mixtures
of starch, carrageenan, and milk proteins revealed that the
carrageenan gel network was filled by swollen starch
granules which led to improved viscoelastic properties in
comparison with pure carrageenan gels. They further
stated that the resulting filled composite gel strength was
most pronounced in presence of milk proteins. In contrast,
however, Carvalho et al. (2007) investigated the viscosity
of the mixtures of whey protein isolate (WPI; 50/50) and
starches with varying amylose content; amioca (~0.5%
amylose), native corn (~27% amylose), Hylon VII (~70%
amylose), and tapioca (~19% amylose). They observed
that the inclusion of WPI reduced the viscosity of all
starches by at least 50%, except for Hylon VII at 20%
solid concentration. More recently, a study by Wang et al.

(2017) on the textural and rheological properties of potato
starch and the effect of amino acids took a mediating con-
clusion, stating that the hardness and gel strength of potato
starch gels were decreased with the addition of acidic
amino acids but increased in presence of basic amino
acids. Overall, it is evident from the previous studies that
despite the potential to produce foods with the desired
characteristics by selecting appropriate starch/protein
blends, their rheological evaluation requires further inves-
tigation. In addition, the kinetics of starch/protein gelation
and their applications in food systems are scarcely
reported in the literature. In view of this, we report both
the rheological properties and gelation kinetics of a poly-
saccharide/protein blend.

The objective of this study is to investigate the gelation
of corn starch (CS)/bovine serum albumin (BSA) blend
under temperature ramp (non-isothermal heating) and time
sweep (isothermal heating) conditions, using the [CS]/
[BSA] mass ratios of 0, 0.5, 1, 2, and 3. The linear vis-
coelasticity of gels were precisely determined by the oscil-
latory dynamic frequency sweep test. The gelation kinetics
of the CS/BSA blends were quantified by the temperature-
dependent rate constant, frequency factor and gel activa-
tion energy (E

a
), using the Arrhenius equation. We expect

that the kinetic parameters found in this study would pro-
vide insights into the gelling mechanisms and allow for
potential substitution of one biopolymer for another in
food systems. 

2. Materials and Methods

2.1. Sample preparation
BSA (product No A7906, purity > 98%), CS (product

No S4180), and Phosphate Buffered Saline (PBS, product
No P5493) were supplied by Sigma-Aldrich Limited. The
supplied samples were used without further modification.
PBS diluted 10 times with distilled water was used as sol-
vent. CS/BSA blends at the mass ratios of 0, 0.5, 1, 2, and
3 were solvated in the diluted PBS and stirred for 2 h at
room temperature. For all the blends, the BSA concentra-
tions were kept at 5, 7, and 10 wt.%. All the solutions
were suitably buffered with PBS to maintain neutral pH in
a range from 7.01 (for pure BSA) to 7.06 (for CS/BSA
blends). 

2.2. Rheological measurements
The rheological measurements were performed on a

strain-controlled rheometer, ARES-G2 (TA Instruments,
USA) using parallel plate (40 mm diameter for tempera-
ture ramp tests) and concentric cylinder (40 mm diameter
cup and 27.7 mm diameter bob for time sweep and fre-
quency sweep tests) geometries. Silicon oil was placed
around outside of the samples to prevent evaporation of
the samples. The temperature ramp tests from 25 to 82 °C
were carried out to determine the gelation temperatures at
a fixed frequency, ω = 1 rad/s, stain amplitude, 0 = 0.05,
(linear viscoelastic regime, to ensure preservation of the
developing gel microstructure) and heating rate of 0.5 oC/
min. Time sweep tests were performed in order to inves-
tigate the effect of the gelation process on the viscoelastic
material functions (G' and Gʺ) at a temperature close to
the sample gelation temperature, using a fixed frequency
(ω) = 1 rad/s and strain amplitude (0) = 0.05. The constant
temperature of 75 °C was used for testing 5 and 7 wt.%
pure BSA and CS/BSA blends, while 70 °C was used for
testing 10 wt.% pure BSA and CS/BSA blends. The
choice of 70 °C for testing 10 wt.% BSA was to keep the
moduli (i.e. Gʹ and Gʺ) within the range measurable by the
rheometer. On completion of the time sweep tests, the fre-
quency sweep tests were carried out at the respective tem-
peratures used for time sweep tests, using a fixed strain
amplitude (0) = 0.05 and angular frequency (ω) in a range
from 0.1-100 rad/s.

3. Results and Discussion

3.1. Effect of corn starch addition on the BSA gela-

tion temperature, Tgel

The temperature ramp test was conducted in order to
enable us to choose the isothermal temperature (≡ Tgel) for
the time sweep test discussed in the following section.

To model the effect of the CS addition on the BSA gela-
tion under non-isothermal heating, the Tgel of the pure
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BSA was first determined, followed by that of the CS/
BSA blend. To obtain the Tgel, the temperature ramp in a
range from 25 to 82 oC at a heating rate of 0.5 oC/min was
performed on the pure BSA and CS/BSA blends. The
choice of the temperature range used here is borne out of
the fact that the protein denaturation is a precursor to the
gelation, and since the BSA melting/denaturation tem-
perature at pH 7 is typically 59-63 ℃, we have ensured
that the melting/denaturation temperature is exceeded
(Moriyama et al., 2003). Figure 1 shows the gelation
curves for the pure BSA and CS/BSA blends containing 5,
7, and 10 wt.% BSA concentrations. The evolution of the
storage modulus (G') is plotted as a function of tempera-
ture to describe the gelation process. For clarity, the G' is
shifted vertically. As can be seen in Fig. 1a, the G' of the
5 wt.% BSA without CS was flat with a slope of ≈ 0 at T
< Tgel, which is an indication of a minimal change in the
structure of the protein that is not easily detected by the
rheometer (i.e. the low torque value of the sol state). How-
ever, the change in the protein structure (owing to increase
in temperature) became significant at T ≡ Tgel. Conse-
quently, the magnitude of the G' and its slope increased
abruptly at Tgel ≈ 78 oC. The sharp increase in the G' was
attributed to the denaturation of the protein and the sub-
sequent aggregation of the denatured protein chains. The
aggregation of the protein molecules resulted in the gel
formation (Nnyigide et al., 2017). Upon addition of CS,
we found that the Tgel decreased and a further increase in
the mass ratio of [CS]/[BSA] resulted in a further decrease
in the Tgel. Obviously, the decrease in the Tgel has direct
implication on the processing times and heating costs, and
a significant drop in the Tgel occurred at the mass ratio of
[CS]/[BSA] = 3, where about 12 ℃ decrease was recorded.
However, the decrease in the Tgel with increasing the mass
ratio of [CS]/[BSA] was less significant at 10 wt.% BSA
which is presumably caused by the dominance of protein-
protein interaction as against protein-starch interaction.

At the molecular scale, the faster gelation of the CS/
BSA blend in comparison with the pure BSA can be
described by the strong interactions of the reactants (i.e.

water, CS, and BSA molecules) which are predominantly
non-covalent in nature, for instance, electrostatic (cou-
lomb, van der Waals and hydrogen bonding) interactions
of water-CS-BSA mixture. Generally, it is presumed that
when the native structures of the CS and BSA are destroyed
by heat, several new hydrogen bonding sites and the ini-
tially buried hydrophobic core parts of the molecules are
exposed to water molecules for interactions (Nnyigide and
Hyun, 2018a; Nnyigide et al., 2017; Ratnayake and Jack-
son, 2006). In particular, the hydroxyl group of the dena-
tured CS can engage in intermolecular hydrogen bonding
with the BSA polar amino acid residues. These interac-
tions in addition to non-specific hydrophobic and sulfhy-
dryl-disulphide interactions of the unfolded protein appear

to facilitate the gelation process (Nnyigide and Hyun,
2018a; Nnyigide et al., 2017). As the interaction strength
increase with number of molecules, we reckon that the
increase in the mass ratio of [CS]/[BSA] caused an increase
in the CS-BSA interactions which resulted in the observed
decrease in the Tgel (Agoda-Tandjawa et al., 2017).

Figure 1d shows the plots of the Tgel of the pure BSA
and CS/BSA blends as functions of [CS]/[BSA]. The Tgel

can be determined according to different criteria (Li and
Hyun, 2018; Nnyigide, 2019; Sun, 2002). For instance,
the Tgel has been determined by the differential method or
turning point of G' (Nnyigide et al., 2017; Nnyigide and
Hyun, 2018b), the temperature where tan equals 1, or G'

and G" curves crossover (Ampudia et al., 1999; Baba-
yevsky and Gillham, 1973; Yang et al., 2018). In this
study, the Tgel was determined as the point where the G'

diverges from the baseline. It should be noted that the Tgel

determined in this manner is in conformity with the tem-
perature dependency of tan δ which was found indepen-
dent of frequency at the gel-point or Tgel, (see inset in Fig.
1b for 7 wt.% BSA with CS/BSA = 0.5), providing a fin-
gerprint for obtaining the Tgel of the biopolymer blend.

3.2. Effect of corn starch addition on the BSA gela-

tion time, tgel
For the time sweep tests, the 5 and 7 wt.% BSA solu-

tions with and without CS were heated at a constant tem-
perature of 75 °C which is near or above their gelation

Fig. 1. (Color online) Temperature ramp test for BSA with the
mass ratios of [CS]/[BSA] at frequency ω = 1 rad/s, strain ampli-
tude 0 = 0.05 and heating rate = 0.5 oC/min: (a) 5 wt.%, (b) 7
wt.%, (c) 10 wt.%, and (d) gel temperature for 5, 7, and 10 wt.%
BSA as a function of [CS]/[BSA] mass ratio.
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temperatures discussed previously. For 10 wt.% BSA
solutions with and without CS, a constant temperature of
70 °C was used to monitor the isothermal gelation. Figure
2 shows the gelation curves for pure BSA and CS/BSA
blends at 5, 7, and 10 wt.% BSA concentrations. The evo-
lution of the storage modulus (G') is plotted as a function
of the heating time to describe the gelation process. For
clarity, the G' is shifted vertically. First, focusing on the 5
wt.% BSA without CS, we observed that its gelation is
reminiscent of the temperature ramp test. That is, the mag-
nitude of the G' was flat with a slope of ≈ 0 at t < tgel, but
increased abruptly at tgel ≈ 15.3 min, following the dena-
turation of the protein and the subsequent aggregation and
gelation of the denatured protein chains. In agreement
with the temperature ramp test, the addition of CS caused
a decrease in the tgel and a significant drop in the tgel was
observed at the mass ratio of [CS]/[BSA] = 3, where the
value of the tgel was 4.4 min as against the initial value of
15.3 min calculated for the pure BSA. Also observed was
that the shape of the G' curve is similar for all samples.
For instance, the increase in the G' for each sample was
rapid at the onset of gelation, contributing to the strength-
ening of the gel network until a plateau is reached. After
reaching a plateau, however, the increase in the G' became
remarkably slow and the kinetics operating at this point
appeared to be quite different from that at the onset of

gelation. Furthermore, it is clear from Fig. 2 that all the
gels were thermally irreversible within the 0.5 h or 1h
heating time examined, owing to the continuous increase
in the G'.

The plot of the tgel determined by the crossover point of
the G' and Gʺ is shown in Fig. 3a. Although there are var-
ious ways of determining the tgel (just like the Tgel), Ampu-
dia et al. (1999) showed that different methods of the tgel

determination yielded similar results. However, Madbouly
and Otaigbe (2006) reported that the validity of the cross-
over point of the G' and Gʺ widely used for the tgel deter-
mination can be further confirmed by investigating the
time dependence of tan δ at various frequencies. Since our
kinetic model (discussed later) relies absolutely on the
accuracy of the tgel, we plotted in Fig. 2d the tan δ values
obtained at different constant shear frequencies of 1, 10,
25, and 50 rad/s as functions of time at 75 °C. As can be
seen from this figure, the tan δ is frequency independent at
tgel ≈ 5.10 min for the 7 wt.% BSA with [CS]/[BSA] = 0.5
used here as a case study. Comparatively, the tgel ≈ 5.10
min agrees well with the tgel ≈ 5.08 min at 1 rad/s (see
inset plot in Fig. 2d), indicating that the solution has
attained the gel point and the cluster of the gel is macro-
scopically percolated in agreement with Winter-Chambon
criterion (Chambon and Winter, 1987; Winter et al., 1988;
Scanlan and Winter, 1991). The plot of the tgel versus [CS]/
[BSA] mass ratio in Fig. 3a shows that at any given BSA
concentration, the tgel decreased with increase in the [CS]/
[BSA] mass ratio.

Besides the tgel, another interesting distinguishing feature
of the gelation process of the BSA with and without CS is
the plateau storage modulus (G

o
). Thus, to further quantify

the CS effects, we calculated the G
o
 by fitting the Boltz-

mann sigmoidal function to the G' data, since the shape of
the G' curve resembles a sigmoid (Pereira et al., 2003).
The Boltzmann sigmoidal function (written in terms of the
G') can be described by the following equation:

Fig. 2. (Color online) Time sweep test for BSA with mass ratios
of [CS]/[BSA] at frequency ω = 1 rad/s and strain amplitude 0 =
0.05 (a) 5 wt.%, (b) 7 wt.%, inset is the fitting of Boltzmann sig-
moidal function, the vertical and horizontal axes labels are the
same as the main figure (c) 10 wt.% and (d) plot of tan δ as a
function of time at various frequencies for 7 wt.% BSA with
[CS]/[BSA] = 0.5. Inset is the G', Gʺ and tan δ at ω = 1 rad/s.

Fig. 3. (Color online) (a) Gel time for 5 and 7 wt.% BSA tested
at 75 °C as a function of the mass ratio of [CS]/[BSA]. Inset is
for 10 wt.% BSA which was tested at 70 °C; and (b) plateau stor-
age modulus (G

o
) for 5 and 7 wt.% BSA as a function of [CS]/

[BSA] mass ratio, with 10 wt.% BSA shown inset.
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(1)

where  is the lower asymptote to ,  the total
change between the upper and lower asymptote to , t0

the inflection point on the curve or the first derivative
maximum expressed in time unit and t the time range in
which most of the changes in the  take place. The pla-
teau modulus G

o was determined as 
.

The calculated value of the G
o
 is plotted in Fig. 3b as a

function of the [CS]/[BSA] mass ratio. The G
o relates

directly with the degree of cross-linking or the number of
elastically active network chains (EANCs) in the gel-per-
unit volume. As can be seen in Fig. 3b, the G

o
 increased

with the [CS]/[BSA] mass ratio which seemingly caused
an increase in the degree of cross-linking and the number
of EANCs in the gel-per-unit volume.

3.3. Kinetics of the BSA gelation as affected by the

CS addition
In order to model the effect of the CS addition on the

kinetics of the BSA gelation, the 10 wt.% BSA with mass
ratios of [CS]/[BSA] was chosen. Each solution (i.e. 10
wt.% BSA with [CS]/[BSA] = 0, 0.5, 1, 2, or 3) was

heated at three different constant temperatures of 70, 72.5,
and 75 °C, and the corresponding tgel at each temperature
was calculated (Figs. 4a, b, c, and e). It should be noted
that the sole purpose here is to determine the tgel at these
temperatures, and for this reason the heating time was
short (≤ 20 min). Moreover, the 10 wt.% with [CS]/[BSA]
= 3 could not be heated beyond 10 min at 75 °C owing to
the increase in the G' that exceeded the range measurable
by the rheometer. 

For an nth order reaction,

 (2)

where C is the concentration of the reacting groups, n the
order of reaction and k the overall rate constant. The gen-
eral form of the integral of Eq. (2) within the limits from
t0 to tgel and C0 to C, yields:

.  (3)

Although the gelation of a biopolymer solution is com-
plex in nature and proceeds in many steps (precisely four
steps; (i) unfolding of native structures, (ii) aggregation of
unfolded structures, (iii) intermolecular reaction of aggre-
gates, and (iv) intramolecular reaction of aggregates), we
have previously reported that the rate-limiting or slowest
step is the intramolecular reaction of aggregates which
makes the overall kinetics approximately first-order in
protein concentration (Nnyigide and Hyun, 2018b). Accord-
ing to Babayevsky and Gillham (1973), the chemical con-
version (C0  C) at the gel point is a constant for a given
system, where C0 is the initial value at t = 0. Thus, the
integral of the left-hand side in Eq. (2) is constant. That is,

 constant at t = tgel, which reduces Eq. (2) to:

.  (4)

To obtain the kinetic parameters, we substitute in Eq. (4)
the temperature dependency of reaction rate constant k

which is represented by the Arrhenius relationship:

 (5)

where k0 is the frequency factor which is related to the
number of time molecules will collide in the orientation
required to cause a reaction, E

a
 the activation energy, R the

gas constant and T the reaction temperature. Hence, the
final equation is of the form:

.  (6)

The constant in Eq. (6) relates directly with k0. From the
plot of ln(tgel) vs 1/T (Fig. 4f) the E

a 
was calculated. It can

be seen from Figs. 4a, b, c, and e that with increasing the

G t  = Gi + 
G Gi–
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dt
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C
n

------- = a

tgel = constant × 
1
k
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RT
-------– 

 

ln tgel  = constant + 
Ea

RT
-------Fig. 4. (Color online) Time sweep test at constant temperatures

of 70, 72.5, and 75 °C for 10 wt.%: (a) Pure BSA, (b) CS/BSA
= 0.5, (c) CS/BSA = 1, (d) CS/BSA = 2, (e) CS/BSA = 3 (G' =
filled, G" = empty), and (f) plot of ln(tgel) vs 1/T for 10 wt.% with
CS/BSA = 0, 0.5, 1, 2, and 3.
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[CS]/[BSA] mass ratio, the range of the tgel (pointed
toward with arrows) decreased which consequently caused
the decrease in the slope of the plot of ln(tgel) vs 1/T, and
hence the lower values of E

a
. This suggests that with

increasing the [CS]/[BSA] mass ratio, the E
a
 of 10 wt.%

BSA decreased. Therefore, the addition of CS increased
the gelation rate (or reduced the tgel) of the BSA by low-
ering the gel activation energy (i.e. consuming less heat
energy (Fig. 5a)). In Fig. 5b, the constant in Eq. (6) ≡
ln(k0) is plotted as a function of E

a
 to describe the exis-

tence of a linear relationship between the values of ln(k0)
and E

a
, generally regarded as the ‘compensation effect’

(Narayan and Antal, 1996; Qiao et al., 2018). The so-called
compensation effect is the behaviour pattern in which a
rise in E

a
 (which will normally decrease the rate of a reac-

tion at any given temperature) is partly (or in some cases
totally) offset by an increase in k0. This effect was observed
by Dik and Özilgen (1994) in their study of the rheolog-
ical behaviour of bentonite-apple juice dispersions.

3.4. Frequency sweep tests of the pure BSA and CS/

BSA solutions
We carried out the dynamic frequency sweep tests after

the time sweep (gelation) tests over the frequency range
from 0.1 to 100 rad/s, strain amplitude of 0.05 and at the
respective temperatures used for time sweep tests, to fur-
ther probe quantitatively the states of the samples. The
emphasis in this section is on the hard gel region, to inves-
tigate the effects of the CS addition. It is well known that
frequency sweep test is sensitive to microstructures in vis-
coelastic fluids (Agoda-Tandjawa et al., 2017; Jha et al.,
2018; Yang et al., 2018), and enables a better understand-
ing of a gelation process. Figure 6 shows the results of the
frequency sweep tests. The frequency is shifted horizon-
tally to avoid overlapping of the data. As can be seen from
this figure, the storage or elastic modulus (G') of all the
gels showed a weak dependence on frequency, and its (i.e.

G') value at any given frequency and sample concentra-
tion was much larger than the loss or viscous modulus
(G") which is a typical solid-like behaviour of a hard gel
(Jha et al., 2018; Yang et al., 2018). The G'  slope approached

zero at low frequency region (i.e. the left hand side of
each curve) which is reminiscent of hard gels, and con-
sistent with previous studies on sucrose/k-carrageenan gel
(Yang et al., 2018) and also of starch/carrageenan/milk
protein systems (Agoda-Tandjawa et al., 2017). Overall,
the maximum value of G' at any given BSA concentration
increased with the [CS]/[BSA] mass ratio, which agrees
with the plateau storage modulus (G

o
) calculated from the

time sweep tests. Comparatively, we observed that the
strengthening of the gel network (inferred from the G'

magnitude) was only about 10 orders larger than the value
recorded for 5 or 7 wt.% BSA without CS, whereas the
most significant enhancement in the gel strength occurred
at 10 wt.% BSA where the sample with [CS]/[BSA] = 3
showed a value of G' that is about 103 orders of magnitude
larger than its value recorded for the 10 wt.% BSA with-
out CS. Therefore, we conclude that the addition of the CS
can improve both the rheological properties and the gel
network of the BSA.

4. Conclusions

In this study, the rheological properties and gelation
kinetics of corn starch (CS)/bovine serum albumin (BSA)
blends were investigated by temperature ramp, time sweep
and frequency sweep tests within linear viscoelastic regime,
using the [CS]/[BSA] mixing mass ratios of 0, 0.5, 1, 2,
and 3. In order to model the effect of the CS addition on

Fig. 5. (Color online) (a) Gel activation energy for 10 wt.% BSA
as a function of the mass ratio of [CS]/[BSA] and (b) plot of
ln(k0) as a function of E

a
 for 10 wt.% BSA.

Fig. 6. (Color online) Frequency sweep test of the pure BSA and
CS/BSA blends. Filled symbol is G' and unfilled symbol is G''.
Frequency = 0.1-100 rad/s and strain amplitude = 0.05: (a) 5
wt.%, (b) 7 wt.%, and (c) 10 wt.%. The left-hand side of each
curve corresponds to low frequency. The “a” is the artificial shift
factor to avoid overlapping of the data (G' = filled, G" = empty).
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the BSA gelation, the gelation temperature (Tgel) and gela-
tion time (tgel) of the pure BSA were first determined by
temperature ramp and time sweep tests, respectively, fol-
lowed by those of the CS/BSA blends. The results from
the temperature ramp and time sweep tests showed that
the pure BSA had higher Tgel and tgel than the CS/BSA
blends.

Thus, it was found that under temperature ramp test
(non-isothermal heating condition), the Tgel of the BSA
decreased with increasing the mass ratio of [CS]/[BSA],
which was attributed to the strong interactions of the reac-
tants (i.e. water, CS and BSA molecules) which are effec-
tively non-covalent in nature, for instance, electrostatic
(coulomb, van der Waals and hydrogen bonding) interac-
tions of the water-CS-BSA mixture. The decrease in the
Tgel with increasing the mass ratio of [CS]/[BSA] was
more significant at 5 and 7 wt.% BSA as against 10 wt.%
BSA which was presumably caused by the dominance of
protein-protein interaction at high protein concentration.

In the case of time sweep test (isothermal heating con-
dition), the gelation appeared reminiscent of the tempera-
ture ramp test. That is, the tgel of the BSA decreased with
increasing the mass ratio of [CS]/[BSA]. Besides the tgel,
the plateau storage modulus (G

o
) calculated by fitting the

Boltzmann sigmoidal function to the G' was adopted to
further quantify the CS effects. The G

o 
relates directly with

the degree of cross-linking or the number of elastically
active network chains (EANCs) in the gel-per-unit vol-
ume. The calculated value of the G

o plotted as a function
of the mass ratio of [CS]/[BSA] indicates that the G

o

increased with the mass ratio of [CS]/[BSA] which resulted
in an increase in the degree of cross-linking and the num-
ber of EANCs in the gel-per-unit volume. Kinetically, the
pure BSA and CS/BSA gelation under time sweep tests
were modelled by the temperature dependency of reaction
rate constant as represented by the Arrhenius equation.
The plot of the activation energy versus the mass ratio of
[CS]/[BSA] indicates that the addition of the CS reduced
the gel activation energy (E

a
) up to 153.90 kJ/mol as against

the original value of 268.55 kJ/mol that was observed for
the BSA without CS.

Lastly, the frequency sweep test was used to probe the
microstructures of the hard gels. The results of the fre-
quency sweep tests showed that the storage or elastic
modulus (G') of all the gels had weak dependence on fre-
quency, and its (i.e. G') value at any given frequency and
sample concentration was much larger than the loss or vis-
cous modulus (G") which is a typical solid-like behaviour
of a hard gel. Overall, the maximum value of G' at any
given BSA concentration increased with the mass ratio of
[CS]/[BSA], which agrees qualitatively with the plateau
storage modulus (G

o
) calculated from the time sweep

tests. The strengthening of the gel network or magnitude
of the G' was about 10 orders larger than the value recorded

for 5 or 7 wt.% BSA without CS, while the most signif-
icant enhancement in the gel strength occurred at 10 wt.%
BSA where the sample with [CS]/[BSA] = 3 showed a
value of G' that is approximately 103 orders of magnitude
larger than the value recorded for the 10 wt.% BSA with-
out CS. Therefore, it is concluded that the addition of CS
can improve both the rheological properties and the gel
network of the BSA. The relevance of this research is that
it provides the viscoelastic properties and kinetic param-
eters of pure BSA and CS/BSA blends which are useful in
substituting one biopolymer for another in food systems.
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