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AbstractThe effects of catanionic surfactant systems consisting of mixtures of cationic cetyltrimethylamonium bro-
mide (CTAB) and anionic sodium dodecyl sulfate (SDS) on the rheological properties and kinetics of bovine serum
albumin (BSA) were investigated. The ionic strength of the solution was varied by using different mixing ratio of SDS
and CTAB. Gelation curves observed in dynamic viscoelastic measurements were fitted with gelation kinetics models
to describe the gelation under isothermal and non-isothermal conditions. Overall, the gelation of BSA in cationic-rich
solutions was found to be more energetically favorable when compared with BSA solvated in anionic-rich solutions.
Consequently, highest gel temperature (Tgel) and time (tgel) were observed for anionic-rich solutions with SDS/CTAB
molar ratio of 4.0 (i.e., SDS/CTAB=4.0), while lowest gel temperature and time were found for cationic-rich solutions
with SDS/CTAB molar ratio of 0.25 (SDS/CTAB=0.25). BSA in equal molar ratio of the mixed surfactants (SDS/
CTAB=1.0) showed a gel temperature and time in the halfway between the anionic and cationic-rich regions. Interest-
ingly, under isothermal and non-isothermal conditions, BSA in equimolarly mixed and anionic-rich solutions showed a
heat-dependent protective effect against thermal denaturation and gelation. The protective effect on BSA gelation in
equimolar and anionic-rich solutions was diminished by increasing the catanionic concentration under non-isother-
mal conditions, while under isothermal conditions, protective effect on BSA gelation increased with catanionic concen-
tration. On the other hand, cationic-rich solutions did not protect BSA from thermal denaturation and gelation, and
therefore the gelation rate increased with catanionic concentration in all heating conditions examined.
Keywords: CTAB, SDS, Catanionic Surfactant, Bovine Serum Albumin (BSA), Rheology

INTRODUCTION

Bovine serum albumin (BSA), also known as Fraction V, is con-
sidered to be a universal bio-reagent in many applications [1,2]. As
a model protein, a large amount of research work has been con-
ducted on BSA protein owing to its lack of effect on many bio-
chemical reactions, and its low cost, since large quantities of it can
be readily purified from bovine blood, a byproduct of the cattle
industry. BSA has the most widely reported binding sites, and is
known to bind to various surfactants and biologically relevant sub-
stances [3-8]. The crystal structure of BSA reveals a heart-shaped
structure with three domains of which each is divided into sub-
domain A and B [9]. The primary structure of BSA is composed
of a sequence of 583 amino acid residues, and its secondary struc-
ture contains 67% alpha helix and 17 disulfide linkages [8,9]. The
isoelectric point (IEP) of BSA is at pH 4.5-5.0; therefore, the pro-
tein is negatively charged at neutral pH.

Catanionic surfactant systems which display a large diversity of
phases consist of oppositely charged ionic surfactants [10]. They
have drawn much attention recently because of their rich bulk and
interfacial properties [10,11]. The structure of catanionic surfac-
tants is similar to that of zwitterionic surfactants, such as phospho-
lipids; however, their polar head group is composed of two oppositely
charged groups that are not covalently bonded unlike zwitterionic

surfactants [10-12]. As opposed to protein solution in single anionic
or cationic surfactants, the very strong synergism between oppo-
sitely charged cationic and anionic surfactants makes the forma-
tion of catanionic surfactant mixed aggregates in the bulk solution
a more favorable process than binding to proteins [11]. The inter-
actions of proteins with catanionic surfactants are scarcely reported
in the literature and have rarely been investigated. This might be
because most of the mixed catanionic surfactants form precipitates
or become turbid at very low concentration, which limits the research
of their interactions with proteins [11]. However, it is important to
investigate their interactions because it is very often that proteins
and surfactants are present in the same systems, especially in gel fil-
tration chromatography for protein separation or purification [10,11].

In biopolymer solutions, the pH value and electrostatic charges
are of crucial importance as they determine the colloidal behavior as
phase separation, precipitation or complete miscibility [13,14]. When
a protein-denaturant solution is heated above the protein denatur-
ation temperature, which is typically >55 oC, the protein unfolds
substantially and under continuous heating the unfolded protein
aggregates to form a gel [1,16-19]. Initially upon heating, the onset
of gelation or phase change is accompanied by sudden increase in
solution viscosity. The protein gelation kinetics is governed mainly
by two important steps: first, the unfolding or dissociation of the pro-
tein molecules induced by a chemical denaturant or heat, and sec-
ond, the association and aggregation of denatured protein chains,
which is achievable only in the presence of suitable environmental
conditions [1]. In this manner, the protein progressively passes from
the native state to a denatured and unfolded transition state, and
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then to an aggregate network that forms a soft gel, which eventually
reaches the final rigid gel state [1,16-19]. The rate of denaturation
or aggregation which is influenced by heat or chemical denatur-
ants affects the texture and rigidity of the final gel formed. Thus,
for various gel applications, the strength of the gels can be tuned
by varying the denaturant concentration/composition and the heat-
ing method (i.e., isothermal/non-isothermal heating). The enhance-
ment in the gel properties achieved under this condition has poten-
tial for many promising applications, such as catalysis, drug deliv-
ery, protein chromatography, tissue and cell surface engineering
[20-22].

To investigate the structural changes that take place upon heat-
ing of a polymer solution, both rheology and differential scanning
calorimetry (DSC) can provide information at physical and mac-
roscopic levels, indicating changes associated with gelation or dena-
turation processes [23-32]. However, DSC measurement sometimes
is not able to detect gelation temperature or time by providing re-
quired endothermic curve [32]. For this reason rheological prop-
erties measurement is usually preferred as a means of evaluating
the gelation process and gel strength because it is able to provide
accurate information as regards to gelation temperature or time of
the sample solution [32]. For instance, a temperature ramp test
provides information on the transition temperature from the solu-
tion state to the gel state in terms of the dramatic change in rheo-
logical properties as temperature increases [1,23]. Also, the degree
of gelation, gel time, and sol-gel transition can be determined using
a time sweep test rheological method [32]. Moreover, measurable
material properties from rheological measurements such as the
storage modulus (G') can be fitted with reaction kinetic models to
derive useful kinetic parameters, which can provide more insight
into the gelling mechanism and for a potential substitution of one
protein for another in food systems [24-27]. Thus, the measure-
ments of the rheological properties are effective tools for monitor-
ing the unfolding, aggregation/gelation, or stability of proteins.

The motivation for this study comes from our previous investi-
gation where the gelation of BSA was markedly affected by the addi-
tion of SDS or CTAB. Consequently, we sought to use the mixture
of SDS and CTAB to provide a wide range of chemistries and dif-
ferent combinations of physical and chemical cross-links/interac-
tions, and thus, generating results with wide ranging applications.
The objective of this study therefore was to characterize the effects
of catanionic surfactants on BSA gelation temperature (Tgel) under
non-isothermal heating and on BSA gelation time (tgel) under iso-
thermal heating at above the Tgel of BSA using rheological meas-
urements. The gelation curves at constant temperatures observed in
time sweep measurement, and at increasing temperature observed
in temperature ramp test were fitted with reaction kinetic models.

EXPERIMENTAL PROCEDURE

1. Sample Preparation
BSA (product No A7906), SDS (product No L3771), CTAB

(product No H9151) and Phosphate Buffered Saline, PBS (product
No P5493) were purchased from Sigma-Aldrich. The supplied sam-
ples were used without further modification. PBS diluted ten times
with distilled water was used as solvent. BSA was solvated in the

diluted PBS and stirred for 1 hour at room temperature. Sample
pH was adjusted to 7.0 using PBS. 5, 7 and 10 wt% BSA solutions
were prepared and catanionic surfactant from 0.01-0.05 M were
added to the solution. Each catanionic solution consisted of SDS/
CTAB molar ratio of 0.25, 1 and 4. The chemical structures of SDS
and CTAB are provided in Fig. 1.
2. Rheological Measurements

Rheological measurements were performed on an ARES-G2
(strain-controlled rheometer, TA Instruments, USA) using a con-
centric cylindrical geometry (40 mm diameter cup, 27.7 mm diam-
eter bob) for time sweep tests, and parallel plate geometry (40 mm
diameter) for temperature ramp tests. Silicon oil was placed around
samples to prevent evaporation. Time sweep tests were carried out to
monitor the evolution of gel structures at a frequency () of 1 rad/s
and a strain amplitude (0) of 0.05 (linear viscoelastic regime) [1,29].
Temperature ramping was used to determine gel thermal proper-
ties at =1 rad/s, 0=0.05, 25-90 oC, and a heating rate of 0.5 oC/
min.

RESULTS AND DISCUSSION

1. Non-isothermal Gelation of BSA/Catanionic Solution
The thermal properties of BSA/catanionic solutions were inves-

tigated by ramping temperature from 25-80 oC for BSA/catan-
ionic solutions with SDS/CTAB=0.25 and 1.0, and from 25-90 oC
for BSA/catanionic solutions with SDS/CTAB=4.0. The reason for
choosing different temperature range was due to high gelation rate
of BSA in cationic-rich solutions when compared with anionic-
rich solutions. A low heating rate of 0.5 oC/min was used, which is
recommended for investigating microstructural changes in non-
isothermal gelation [1]. All measurements were carried out at low
strain amplitude (0=0.05) within the linear viscoelastic region to
avoid sample breakdown [1,29]. A typical non-isothermal gelation
process of the BSA/catanionic solution is shown in Fig. 2(a), and
the rest are shown in supporting information Figs. S1-S3. The point
of rapid increase in storage modulus (G') was taken as the onset of
phase change and gelation. By heating the BSA/catanionic solu-
tions, the viscoelastic material functions dramatically changed due
to protein denaturation which is a precursor to gelation. The inter-
actions between denatured BSA chains resulted in aggregation and
gelation of the protein-catanionic solutions [1,33-38]. At tempera-
tures up to 52 oC for BSA/catanionic with SDS/CTAB=0.25 and
1.0; and up to 71 oC for BSA/catanionic with SDS/CTAB=4.0, the
storage moduli appeared to be relatively independent of tempera-
ture (supporting information Fig. S1-S3). This is presumably because
the denatured chains of BSA had insufficient energy to initiate aggre-
gation. Migliori et al. and Chen et al. [39,40] likened this initial

Fig. 1. Chemical structure of (a) the anionic surfactant, Sodium
Dodecyl Sulphate (SDS) and (b) of the cationic surfactant,
Cetyltrimethylammonium Bromide (CTAB).
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over of G' and G'' curves. Therefore, Tgel was determined using a
differential method [1] (supporting information Fig. S1(f)). The dif-
ferential method is based on determination of the inflexion point
or the turning point of G' spectra. Plot of Tgel for 10 wt% BSA ver-
sus catanionic surfactant concentration is shown in Fig. 2(b). The
lowest Tgel was observed for BSA in cationic-rich solutions, while
highest Tgel was found for BSA in anionic-rich solutions which is
in good agreement with isothermal gelation discussed later.
2. Effects of BSA and Catanionic Concentration on the Tgel of
BSA/Catanionic Solutions

The effects of BSA and catanionic concentration on the Tgel were
investigated using BSA concentrations of 5 and 7 wt%, in addition
to 10 wt% (discussed above), and catanionic concentrations of 0.01-
0.05 M. The G' curves for 7 and 5 wt% are shown in supporting
information Figs. S2 and S3. The gel temperature (Tgel) was found
to decrease slightly with increase in BSA concentration through-
out the catanionic concentration range examined (Fig. 3). This is
in agreement with the observations in time sweep test (discussed
later), and was attributed to more protein-protein interactions on
increasing BSA concentration. In the case of 7 and 10 wt% BSA

increase in temperature without corresponding increase in mod-
uli up to the onset of gelation to a kinetic effect caused by the tem-
perature increase that tends to weaken the molecular structure of
the biopolymer solution. However, at temperatures >55 oC for BSA/
catanionic with SDS/CTAB=0.25 and 1.0; and >75 oC for BSA/
catanionic with SDS/CTAB=4.0, positive dependence of storage
moduli on temperature evolved, which indicated increased solu-
tion viscosity due to thermal denaturation and intermolecular aggre-
gation [1,39,40]. Furthermore, this evolution of temperature-de-
pendent storage moduli was found to depend on the concentra-
tion of the catanionic surfactant and the SDS/CTAB mixing ratio.
On further heating, increased thermal denaturation enhanced BSA
aggregation and gel formation, because as previously reported
exposed hydrophobic sites are very unstable in aqueous environ-
ments [1]. The gelation temperature of BSA solutions containing
different catanionic surfactant concentrations varied significantly
and was found to depend on the SDS/CTAB mixing ratio. As can
be seen in Fig. 2(a), the solutions easily showed elastic behavior
(i.e., G'=G'') for a wide range of temperature, which made it diffi-
cult to accurately detect the gelation temperature (Tgel) by the cross-

Fig. 2. (a) Temperature ramp test for 10 wt% BSA solution with 0.05 M catanionic surfactant (SDS/CTAB=0.25) with frequency of =1 rad/
s, strain amplitude 0=0.05, heating rate=0.5 oC/min. (b) Gel temperature for 10 wt% BSA solution with 0.01-0.05 M catanionic surfac-
tant and various SDS/CTAB mixing ratio.

Fig. 3. (a)-(b) Gel temperature for 5 and 7 wt% BSA solutions with 0.01-0.05 M catanionic surfactant and various SDS/CTAB mixing ratio,
with frequency of =1 rad/s, strain amplitude 0=0.05, heating rate=0.5 oC/min.
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with SDS/CATB=1, it was difficult to distinguish between their
Tgel (supporting information Figs. S1 and S2). In addition, the Tgel

was found to decrease with increase in catanionic concentration at
all BSA concentration range and SDS/CTAB mixing ratio exam-
ined. This appeared to suggest that the rate of protein denatur-
ation also increased with catanionic concentration. Comparatively,
the Tgel of 5, 7 and 10 wt% BSA decreased in the order of 0.25<1<4
of SDS/CTAB mixing ratio. Overall, a faster rate of gelation or lower
Tgel was observed for cationic-rich solutions than the equimolarly
mixed or anionic-rich solutions.
3. Non-isothermal Kinetic Modelling of BSA/Catanionic Solu-
tions

The gelling of BSA/catanionic solutions can be modelled using
the concept of the minimum energy required for solutions to gel
(i.e., activation energy) and the dependence of gelation rate on reac-
tant concentrations (i.e., order of reaction). We carried out non-
isothermal kinetic modelling based on our experimental data, as
has been previously described [32,41-44]. For an nth order reaction
the reaction rate is described by:

(1)

where C is concentration, t is time and k is the reaction rate con-
stant. The temperature dependency of reaction rate constant k is
well represented by the Arrhenius relationship:

(2)

Combining Eqs. (1) and (2) and taking a logarithmic transforma-
tion yields:

(3)

The kinetic parameters, Ea and k0 are the activation energy and
the pre-exponential or frequency factor, and these are estimated
using Arrhenius plots of Eq. (3).

During non-isothermal gelation, the protein unfolds, aggregates,
and then cross-links to form a gel. Gelation occurred at relatively
high temperature (70-85 oC for BSA/catanionic with SDS/CTAB=
4 and 53-75 oC for BSA/catanionic with SDS/CTAB=0.25 and 1,
respectively, see Fig. 2(b) and Fig. 3) and this was in part responsi-
ble for the rigidity of the gel formed. The kinetic Eq. (3) can be
converted to Eq. (4) in terms of rheological parameters (G' and
dG') instead of reactant concentration (C) and change in concen-
tration (dC), respectively. This can be explained by the rubber the-
ory of elasticity [43-45]. The negative sign of Eq. (3) is replaced by
a positive sign because G' increases at gelation (positive dG'). Eq.
(3) can be converted to the linear form below

(4)

Using Eq. (4) the derivatives of experimental data can be calcu-
lated by the following methods: (i) graphical differentiation [41],
(ii) polynomial curve fitting and differentiation of the fitted equa-
tion [32], and (iii) numerical differentiation as described by Rhim
et al. [42]. In this report, we used linear regression analysis to

determine the order of reaction (n) and the activation energy (Ea)
after differentiating experimental data numerically.

Using 10 wt% BSA/catanionic solution as a reference point, best
fit to Eq. (4) was obtained with n=1 (first-order) and R2=0.99 (Fig.
4), indicating a first-order reaction. Thus, this reaction order matched
well our kinetic findings during isothermal heating (discussed later).

Using the slope of Fig. 4, activation energies were calculated for
10 wt% BSA/catanionic gels with various SDS/CTAB mixing ratio.
Gelation activation energies were quite different for BSA/catanionic
solutions with different SDS/CTAB mixing ratio. Fig. 5 shows esti-
mated activation energies as functions of catanionic surfactant con-
centration. The figure shows that the lower activation energy of
cationic-rich solutions is in-line with the higher gelation rate of the
solutions during non-isothermal heating, indicating CTAB-rich
solutions increased the gelation rate of BSA by lowering the activa-
tion energy of gelation. Furthermore, the activation energy was
found to be concentration dependent [45,46] and to decrease with

 
dC
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-------  kCn
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R
----- 
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T
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Fig. 4. Example of determination of reaction order by fitting Eq.
(4) to experimental data from temperature ramp test.

Fig. 5. Estimated activation energies of 10 wt% BSA as functions of
catanionic surfactant concentrations.
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increasing catanionic surfactant concentration. This finding agrees
well with that of Silva et al. [46] who found the activation energy
of solvent induced-lysozyme gelation decreased as concentration
of tetramethylurea increased.
4. Isothermal Gelation of BSA/Catanionic Solutions

Isothermal gelation of BSA/catanionic solutions was more rapid
than the non-isothermal gelation due to the high constant heating
temperature. In the case of anionic-rich solutions with SDS/CTAB=
4.0 (discussed later) the gelation rate (i.e., the inverse of tgel) was much
lower than those of cationic-rich solutions, and in order to observe
the tgel a higher isothermal heating temperature was used. That is,
BSA/catanionic solutions with SDS/CTAB=4.0 were heated isother-
mally at 90 oC, while BSA/catanionic solutions with SDS/CTAB=
1.0 and 0.25 were heated isothermally at 80 and 70 oC, respectively.
A typical gelation process of BSA/catanionic solution is shown in
Fig. 6 below and the rest of the gelation curves are shown in sup-
porting information Figs. S4-S6. The evolution of storage modu-
lus (G'), loss modulus (G''), and tan  were plotted as functions of
the heating time to describe the gelation of 10 wt% BSA in 0.05 M
of catanionic surfactant with SDS/CTAB=1.0. At the early stage
(t<tgel), G' and G'' increased slowly with time, while tan  decreased
rapidly. This was attributed to heat-induced denaturation of the
BSA (just like the case of non-isothermal gelation), since protein
unfolding is marked by gradual increase in solution viscosity [1,47,
48]. After a certain period of induction time (tgel), G' and G'' started
to increase abruptly, suggesting the denatured and unfolded pro-
tein chains which exposed the initially buried hydrophobic core
were forming aggregates and gel. At the late stage, G' and G'' in-
creased steadily and hardly reached the saturated values. How-
ever, the increase in G' and G'' after reaching a plateau value was
slower than that at the onset of gelation, which suggested that the
kinetics at onset of gelation was faster than that beyond the plateau
storage modulus. Meanwhile, tan  appeared to level off, which
described a stage where the gel network further developed from a
soft gel to a hard gel state [49-51].

The gel time of the reaction during isothermal heating, which is
illustrated in Fig. 6 (pointed towards with arrow) is closely related
to rheological properties. It indicates the beginning of crosslinking
or network formation, where the protein changes from liquid state
to a solid/gel state. The gel time can be determined according to
different criteria [49], such as the base line and the tangent drawn
from the turning point of G' [24], or the time where tan  equals
1, or G' and G'' curves crossover [50]. Grisel and Muller [26] used
the point where tan  is independent of frequency, which is also
known as the Winter-Chambon criterion to determine the gel time
for Schizophyllan (SPG)-Borax systems. However, a later study found
that values of tan  at various frequencies have no one-pointed
crossover during gelation of SPG-Borax [51]. Moreover, Fang et al.
[51] stressed that the Winter-Chambon criterion is not powerful
in determining the critical gelation point of some rapidly gelling
systems. Therefore, it would appear that the method to be employed
for accurate tgel determination is system dependent [49].

In the present study, it was difficult to detect the tgel by the cross-
over of G' and G'' curves because the strong attraction between
oppositely charged cationic and anionic surfactants made the for-
mation of catanionic surfactant mixed aggregates favorable at the
solution state (i.e. G'G'' or >G'' prior to tgel for all the SDS/CTAB
mixing ratio examined). Therefore we sought for a more accurate
model that could describe the growth of the BSA/catanionic gel
network under isothermal heating.

Since the non-isothermal gelation showed a first-order reaction,
we applied the same reaction order to model the isothermal gela-
tion. Moreover the first-order kinetic model has been used exten-
sively to fit the isothermal gelation processes of biopolymers such
as glycinin [52], -conglycinin [52], casein [53], konjac glucoman-
nan [54] and Schizophyllan [51]. The first-order kinetic model can
be written as follows:

G'(t)=G'sat[1exp((ttgel)/c)] (5)

Where tgel is gel time, c is a characteristic time, the reciprocal of
which reflects the gelation rate, and G'sat is the saturated storage
modulus after infinitely long time. It should be noted that by curve
fitting, we can obtain the saturated value of G' which can never be
achieved in actual observation. The kinetic parameters estimated
by curve fitting for 10 wt% BSA in catanionic solutions with vari-
ous SDS/CTAB mixing ratio are shown in Figs. 7 and 8, while the
fitting of equation 5 to G' curves is shown in supporting informa-
tion Fig. S4(f).

The use of a first-order kinetic modeling for protein gelation
can be understood this way: Tobitani and Ross-Murphy [55] pro-
posed that protein gelation kinetics proceeded in multi-steps with
different reaction rates. They suggested four distinct steps which
can be assumed as follows:

(6)

Shakhnovich and Finkelstein [16] observed that the protein unfold-

P               U unfolding of native proteinsk1

U  U               A aggregation of unfolded proteinsk2

A  A               R intermolecular reaction of aggregateska2

R               R' intramolecular reaction of aggregateskfFig. 6. Time sweep test for 10 wt% BSA solution in 0.05 M catan-
ionic surfactant, with frequency of =1 rad/s, strain ampli-
tude 0=0.05, SDS/CTAB=1.
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ing step is first-order in protein concentration, and further stressed
that the cornerstone of protein denaturation is the disruption of
tight packing of the side chains in the protein core, which is inde-
pendent of the protein-solvent interactions. However, it is gener-
ally accepted that the second and the third reaction steps (inter-
molecular aggregation steps) are second-order reactions [55]. Com-
paratively the protein unfolding step is the fastest in terms of reac-
tion rates. The intermolecular and intramolecular reaction steps are
governed by non-covalent bonding and can be regarded as revers-
ible reactions [55]. Since the establishment of the equilibrium for
the intermolecular reaction of aggregates is appreciably faster than
that of the intramolecular reaction aggregates the latter one is the
rate determining step. In this situation, the overall kinetics is ap-
proximately first-order in protein concentration. Moreover, follow-
ing conventional reaction kinetics, the intramolecular reaction step
in Eq. (6) is of one lower order (first-order in protein concentra-
tion) compared to the corresponding intermolecular steps. There-
fore, it is reasonable that the isothermal gelation process is well
fitted by first-order kinetic model (Eq. (5)).
5. Effects of Catanionic Concentration and SDS/CATB Mix-
ing Ratio on tgel, c and Gsat of BSA

The effects of increasing the catanionic concentration and the
SDS/CTAB mixing ratio on the tgel, c and G'sat of BSA were inves-
tigated. It can be seen in Fig. 7 that the lowest gelation rate (or the
highest tgel) was observed for anionic-rich solutions with SDS/
CTAB=4.0, while highest gelation rate was observed for cationic-
rich region with SDS/CTAB=0.25. Equal molar ratio of SDS and
CTAB (i.e., SDS/CTAB=1.0) showed a gel time in the halfway be-
tween the anionic and cationic-rich regions.

The underlying source of higher rate of denaturation and gela-
tion of BSA in cationic-rich solutions is connected with the inter-
action mode of the CTAB polar head group with charged protein
residues. These interactions can be rationalized as follows: The
isoelectric point (IEP) of BSA is at pH 4.5-5.0, which implies that
the protein is negatively charged at neutral pH [56,57], and the
positively charged CTAB head group (CTA+) would interact more
strongly with the protein by electrostatic attraction, while the CTAB
hydrophobic tail group binds with the BSA by hydrophobic inter-
action, operating cooperatively to favor the denaturation process
[4]. These non-native binding interactions of CTAB with the pro-
tein residues destabilized the native non-covalent interactions that

stabilized the protein and hence caused unfolding of the protein,
which resulted in faster gelation of BSA in cationic-rich solutions.
In the case of anionic rich solutions (i.e., SDS/CTAB=4.0), the dena-
turing power of SDS on BSA was weakened by electrostatic repul-
sion between SDS head group and some BSA side chains bearing
similar charge. Such electrostatic repulsion that weakens the dena-
turing effect of SDS on a negatively charged protein at neutral pH
has been reported previously [58]. For instance, Jonsson and Johans-
son [58] observed that at low ionic strength, a cationic hydrophobi-
cally modified ethylene oxide polymer (HM-EO) attracted negatively
charged BSA and repelled positively charged lysozyme, while upon
addition of SDS the negatively charged aggregates attracted lyso-
zyme and repelled BSA. However, in the case of equimolarly mixed
catanionic solutions (i.e., SDS/CTAB=1.0), the very strong attrac-
tion between oppositely charged cationic and anionic surfactants
head groups caused the formation of catanionic surfactant mixed
aggregates in the bulk solution a more favorable process than bind-
ing to the protein. For this reason, the faster rate of BSA denatur-
ation and gelation evident in the cationic-rich solutions (SDS/CTAB=
0.25), was reduced in equimolarly mixed catanionic solutions and
thereby caused the tgel to increase.

Furthermore, the tgel decreased with increasing catanionic con-
centration for cationic-rich solutions (SDS/CTAB=0.25), while for
anionic-rich and equimolarly mixed surfactants (SDS/CTAB=4.0
and 1.0), increase in catanionic concentration increased the tgel. This
interesting phenomenon has been described as the protective effect
of SDS against thermal denaturation of proteins [9,59-62]. Mori-
yama et al. [59] studied secondary structural change in bovine serum
albumin at temperatures up to 130 oC and the protective effect of
SDS using circular dichroism. They observed that the helical con-
tent lost by the BSA during thermal denaturation was recovered
upon addition of SDS. According to the authors, the SDS protec-
tive effect was found to be caused by a cross-linking function of the
SDS ion between a group of non-polar residues and a positively
charged residue in the protein. Similarly, SDS has been reported to
protect ovalbumin [60] and human serum albumin [62] from ther-
mal denaturation. Therefore, due to the recovery of BSA helicity in
equimolarly mixed and anionic-rich solutions, the tgel increased with
catanionic surfactant concentration at the temperature range exam-
ined. Note that the SDS protective effect was less dominant during
non-isothermal heating because temperature increased at a slow

Fig. 7. Gel time for 10 wt% BSA as a function of various catanionic concentration (a) anionic rich solution (b) cationic rich solution.
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rate (0.5 oC/min), suggesting the stability of BSA was affected pre-
dominantly by denaturants in solution. Therefore, the SDS driven
denaturation appeared to offset its protective effect during non-iso-
thermal heating and for this reason, the Tgel decreased with increas-
ing catanionic concentration for anionic-rich and equimolarly mixed
solutions (i.e. SDS/CTAB=4.0 and 1.0, Figs. 2(b) and 3).

Fig. 8 shows the variation of G'sat and 1/c with catanionic con-
centration. Obviously, the saturated storage modulus increased with
catanionic concentration with SDS/CTAB=0.25 but decreased with

increase in catanionic concentration with SDS/CTAB=4.0 and 1.0,
which is consistent with the trend observed for the tgel. Addition-
ally, the gelation rate, 1/c, increased with increasing catanionic
concentration with SDS/CTAB=0.25 which also agrees well with the
tgel. The saturated storage modulus is directly related to the strength
of the BSA/catanionic gel and the degree of cross-linking. There-
fore our finding suggests that the gel rigidity and the rate of gela-
tion can be optimized by varying SDS/CTAB mixing ratio at a
given BSA concentration and isothermal heating temperature.
6. Effect of BSA Concentration on tgel, c and Gsat of BSA

The effect of BSA concentration was investigated using concen-
trations of 5 and 7 wt% in addition to 10 wt% (discussed above) and
catanionic surfactant concentrations of 0.0-0.05 M. The G' spec-
trum of curves as a function of heating time is shown in support-
ing information Fig. S5 for 7 wt% and Fig. S6 for 5 wt%. In the
BSA concentration range examined, the G' was found to increase
continuously but subtly after reaching a plateau value, contributing
to further strengthening of the gel network, which is an indication
that BSA/catanionic gels are thermally irreversible. The G' of a gel
is considered to be proportional to the number of elastically active
network chains (EANCs) in the gel-per-unit volume or to be
inversely proportional to the chain molecular weight Mc between
crosslinks in gel network [53]. Moreover the nature of bonds in the
gel which is dominated by electrostatic and hydrophobic interac-
tions may also affect the values of G'. On the basis of this assump-
tion, we found that increasing the BSA concentration from 5 to
7 wt% resulted in more elastically active network chains-per-unit
volume or a smaller chain molecular weight between crosslinks in
the gel network. This was attributed to the more protein-protein
interactions on increasing BSA concentration [1,53]. In addition,
the G' spectra of curves for 5 wt% BSA solutions showed initial
structure development started at longer heating times due to lower
protein-protein interactions when compared with 7 wt% BSA solu-

Fig. 8. Saturated storage modulus (G'sat) and reaction rate (1/c) for
10 wt% BSA as a function of catanionic concentration (a)
anionic rich solution (b) equimolarly mixed solution (c) cat-
ionic rich solution.

Fig. 9. (a)-(d) Gel time for 5 and 7 wt% BSA as a function of various catanionic concentration with various SDS/CTAB mixing ratios.
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tions. It should be recalled that different isothermal heating tem-
peratures were used for each of the SDS/CTAB mixing ratio and
for this reason only 5 and 7 wt% BSA concentration with the same
SDS/CTAB mixing ratio can be compared directly. Fig. 9(a)-(d)
shows the variation of tgel with catanionic surfactant concentration
for 5 and 7 wt% BSA. For anionic-rich solutions, tgel was found to
decrease significantly with increase in BSA concentration through-
out the surfactant concentration ranges examined, which indicated
that there was a lag period before the commencement of gelation
of the 5 wt% BSA solutions when compared with 7 wt%. In the case
of cationic-rich solutions, the tgel did not vary significantly with BSA
concentration, especially for BSA solutions with SDS/CTAB=0.25
(Fig. 9). Fig. 10(a)-(f) shows the plots of G'sat and 1/c versus catan-
ionic concentration for 5 and 7 wt% BSA. Judging by the G'sat val-
ues predicted by first-order reaction kinetic model (supporting
information Figs. S6(f) and S5(f)), the gel stiffness and degree of
cross-linking increased with BSA concentration for a given catan-
ionic concentration with SDS/CTAB mixing ratio of 0.25 and 1 (Fig.
10). Anionic-rich solutions (SDS/CTAB=4.0) showed very close
values of G'sat presumably because the 5 wt% solutions were heated
for a longer period (supporting information Fig. S6(c)). The rate of
reaction (1/c) and saturated storage modulus (G'sat) showed direct
relationship with catanionic surfactant concentration for 5 and
7 wt% BSA with SDS/CTAB=0.25. However for 5 and 7 wt% BSA
with SDS/CTAB=1.0 and 4.0, the tendency of SDS to recover the
protein helicity or to protect it against thermal denaturation was
amplified over denaturation and gelation, which caused G'sat and
1/c to decrease with increasing catanionic concentration (Fig.
10(a)-(f)).

CONCLUSIONS

The effects of catanionic surfactant consisting of various SDS/
CTAB mixing ratio on the gelation kinetics of bovine serum albu-
min (BSA) were investigated under isothermal and non-isother-

mal conditions.
Under non-isothermal condition, increasing the BSA or catan-

ionic concentration decreased the Tgel irrespective of the SDS/CTAB
mixing ratio. A non-isothermal kinetic model which combines reac-
tion rate and Arrhenius type relationship was found to describe
well the non-isothermal gelation of the BSA/catanionic solutions.
Gelation activation energies estimated using non-isothermal kinetic
model were quite different for BSA/catanionic solutions with vari-
ous SDS/CTAB mixing ratio. The activation energy was lower for
cationic-rich solutions than anionic-rich solutions, which indicated
that it was energetically more favorable for BSA/cationic-rich solu-
tions to gel than the BSA/anionic-rich solutions. In addition, the
activation energy was found to be concentration dependent, and
to decrease with increasing catanionic surfactant concentration. The
reaction order determined by non-isothermal kinetics is first-order
and matched well our kinetic findings during isothermal heating.

For isothermal heating, BSA with anionic-rich solutions and
equimolarly mixed surfactants had slower gelation rates (or higher
tgel) than BSA with cationic-rich solutions, which agreed well with
non-isothermal gelation. Interestingly, increasing catanionic surfac-
tant concentration increased the tgel of BSA with anionic-rich and
equimolarly mixed surfactant solutions, while a decrease was ob-
served for BSA with cationic-rich solutions. This phenomenon is
described as a stabilizing effect of SDS against thermal denaturation
and gelation of BSA under isothermal heating. Consequently the
G'sat (saturated storage modulus at infinite time) increased with
catanionic concentration for cationic-rich solutions, but decreased
with increasing catanionic concentration for anionic-rich solutions
and equimolarly mixed solutions. The rate of gelation increased
with increase in BSA concentration due to more protein-protein
interaction at high BSA concentration. Under isothermal condi-
tions, first-order reaction kinetics well described the kinetics of gel
formation which agreed well with previous studies on heat-induced
biopolymer gels.

Overall, these findings present detailed features of catanionic

Fig. 10. (a)-(f) Saturated storage modulus (G'sat) versus reaction rate (1/c) for 5 and 7 wt% BSA as a function of various catanionic concentra-
tion with various SDS/CTAB mixing ratio.
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surfactant mixtures and their interaction with protein. The kinetic
parameters provide better ways of modelling protein gelation, while
the stabilizing and denaturing effects of the catanionic mixtures are
advantageous for studies on solvent-induced protein stability and
protein folding.
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