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a b s t r a c t

The gel properties of ovalbumin mixtures with three different surfactants (sodium perfluorooctanoate,
sodium octanoate and sodium dodecanoate) have been studied by rheological techniques. The gel elastic-
ities were determined as a function of surfactant concentration and surfactant type. The fractal dimension
of the formed structures was evaluated from plots of storage modulus against surfactant concentra-
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tion. The role of electrostatic, hydrophobic and disulfide SS interactions in these systems has been
demonstrated to be the predominant. The viscosity of these structures tends to increase with surfac-
tant concentration, except for the fluorinated one. Unfolded ovalbumin molecules tend to form fibrillar
structures that tend to increase with surfactant concentration, except for the fluorinated one. This fact
has been related to the particular nature of this molecule.
ydrogenated surfactants
erfluorinated surfactants

. Introduction

Ovalbumin (OVA), a major component of egg white proteins, has
mportant implications in food systems improving sensory percep-
ion [1,2]. This protein is grouped into the serine proteinase family
nhibitors, which controls serine proteinases involved in diverse
hysiological reactions, because of the close similarity in the pri-
ary and tertiary structures. It has a molecular weight of 45,000 Da

nd consists of a single chain of 385 amino acids with 105 titra-
le residues [3], containing a single disulfide bond (interconnecting
wo parts of the chain) and a glycosylation (mainly mannose) site.
hree different ovalbumin phosphate forms containing two, one or
ero phosphate groups per molecule (85:12:3 ratio respectively)
ccur in egg white. This protein presents a globular shape with a
adius of ≈3 nm in an aqueous medium and an isoelectric point
t pH 4.6 [4]. When stored for extended periods of time, or by
eat processing, the native R-ovalbumin converts to S-form that

s more resistant to denaturation by heat, urea, or guanidine [5].
he ovalbumin globules are also known to make a self-organized
esoscopic structure, which is governed by several factors: tem-

erature, concentration or electrolyte [6]. As a result, solutes are
ften added to regulate these transformations during the process-

ng of proteins or proteins-containing food materials. To effectively
ontrol and optimise this food processing, a deep understanding of
ow added solutes influence protein morphology is essential.
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Studying the interactions of OVA with surfactants has been a
hotspot these days [7,8]. Interaction of proteins with surfactants
is of great importance in the fields of industrial (cosmetic, paints,
food), biological and pharmaceutical sciences. Due to the existence
of nonpolar and ionic amino acid side chains in protein molecules,
the formations of these complexes is driven by electrostatic inter-
actions between the charged headgroups of the surfactants and the
oppositely charged units of the proteins, as well as by hydropho-
bic interactions between the alkyl chains and different parts of the
proteins [9–11]. Concerning the interest of the industry in oval-
bumin hydrogels range from emulsifying activity (it is higher at
acidic pH) or drug delivery systems. Also, acid-sensitive microgels
for the development of protein-based vaccines under acidic con-
ditions, like those found in the phagosomes of antigen-presenting
cells, are highly demanded [12].

In the present study, we have investigated the effect of sodium
perfluorooctanoate, sodium octanoate, and sodium dodecanoate,
on the properties and structure of the ovalbumin gels. The ability
to form a gel is an important function of proteins in food systems.
Most food protein gels are formed by denaturation, aggregation,
and gelation during heating process. In flurry of studies, researches
have focused on gel formation upon protein heating. However, few
studies have dealt with protein gel formation without heating or
have analyzed the effect of surfactants on protein gel properties.
The studied surfactants allow us to analyze how the presence of

fluorine atoms in the alkyl chain affects the gel structure. For this
purpose several samples, covering a range of concentrations of sur-
factant from 1 mM to 10 mM, were prepared. These concentrations
guarantee the non existence of micelles [13]. The physicochemical
properties of these samples were evaluated by using rheological

dx.doi.org/10.1016/j.ijbiomac.2011.01.015
http://www.sciencedirect.com/science/journal/01418130
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ig. 1. The dependence of storage modulus (G′) of ovalbumin surfactant mixtures o
oncentration, 40 g/l.

easurements that are easy to conduct, especially in the high con-
entration range of proteins [14].

. Experimental

.1. Materials

Ovalbumin (Albumin, Chicken Egg, product A-5253, Sigma
hemical Company) was used without further purification. Sodium
ctanoate (C8HONa) and sodium perfluorooctanoate (C8FONa)
ere obtained from Lancaster Synthesis Ltd. Sodium dodecanoate

C12HONa) with purity over 99%, were obtained from Sigma Chem-
cal Co. The protein was dissolved in water, the pH was adjusted to
H 3.0 with HCl 0.1 M. All materials were of analytical grade and
olutions were made in double distilled water.

.2. Rheology

Rheological experiments were performed on a Bohlin CS-10
tress-controlled rheometer. A Couette geometry with a cup of
7.5 mm diameter and a bob type Mooney cell was used. The cell
as heated by a reservoir of fluid circulating from a Julabo ther-
ostated bath. The sample was equilibrated for at least 20 min prior

o each experiment. Both steady and dynamic rheological experi-
ents were performed at each temperature. Dynamic frequency

weep measurements were performed in the linear viscoelastic
egime of the samples, as determined previously by dynamic stress
weep measurements. For the steady-shear experiments, an equili-
ration time of 90 s was given at each shear stress. All experiments
ere performed at 25 ◦C.
. Results and discussion

In order to understand the effect of surfactant type and con-
entration on structural properties of ovalbumin gels, the storage
in (�) for different concentrations of the three surfactants under study. Ovalbumin

modulus (G′), loss modulus (G′′), and phase angle were recorded.
However, both G′ and G′′ developed similarly and the G′ values
were considerably greater in magnitude than the G′′ values for
all gels, suggesting predominantly elastic behavior. Therefore, at
this point, only G′ values are discussed. Fig. 1 shows the effect of
surfactant type and concentration on the strain dependent elas-
tic modulus, G′. A first general point to note is the wide variation
in large deformation rheological behavior exhibited by the differ-
ent systems. A second more specific point is that, irrespective of
whether the gelation is triggered by surfactant type, the extent
of the linear viscoelastic region, the range of constant G′, is much
shorter for the surfactant–ovalbumin gels that for the pure ovalbu-
min gels.

As can be observed, gel strength is dependent on both parame-
ters tested: surfactant type and surfactant concentration. At lower
surfactant concentrations, rigidity values were much lower than at
the higher values and variations in rigidity values with different
surfactants are significant. At this pH, the protein is not close to its
isoelectric point of 4.9, and as a result protein has a positive net
charge. Increased interactions due to the presence of surfactants
result in increased rigidity presumably because the interactions
involved contribute to structure development. It would appear
that the ability to promote aggregation was higher for the sur-
factants under study despite the fact that probably the three
surfactants did not bind to the same extent. The highest rigidity
values were observed for the fluorinated surfactant, followed by
sodium dodecanote and sodium octanoate. The fact that for both
sodium perfluorooctanoate, and sodium dodecanoate, higher gel
rigidity were obtained demonstrates that the type of atoms and the
alkyl chain length present can affect this relationship. The lowest

′
G values obtained with sodium octanoate reveals that electrostatic
interactions resulting from surfactant binding at this pH were not
sufficient to overcome the net repulsive force associated with the
protein. Consequently, this dramatic difference can be seen in gel
rigidity values for this system.
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shear rate region was found. Generally, solutions of interacting col-
ig. 2. Loss tangent (tan ı) versus strain (�) for the different surfactant under study.
urfactant concentration 10 mM. Ovalbumin concentration, 40 g/l.

Another parameter that provides some information on net-
ork structure is the loss tangent value, tan ı, the ratio of the loss
odulus or viscous component to the storage modulus or elastic

omponent. The tan ı value can give indication of the type of struc-
ure formed [15]. Low tan ı values are normally associated with
well crosslinked network where the elastic component is high

ompared to the viscous component. Meanwhile, high tan ı values
re associated with a lack of crosslinking due to either excessive
ggregation or excessive solubilization of the protein. For all our
ystems, variations in tan ı values show decrease with increas-
ng surfactant concentration. This supported the G′ data suggesting
hat the inclusion of surfactant served to counteract the electro-
tatic repulsion by providing a bridge between protein molecules.
he increased protein gel network should theoretically arise from
hysical cross-links instead of chemical cross-links. For a fixed sur-
actant concentration tan ı values are markedly higher for C8FONa
han for the hydrogenated surfactants, Fig. 2. Interestingly, this dra-

atic difference was not seen in gel rigidity values. The influence of
ydrogenated surfactants on network formation appeared to give
more elastic product, but this did not translate into increased gel

igidity.
Various experimental techniques in rheology have been applied

o elucidate fractal structures in aggregates or proteins gels
16–19]. In the framework of fractal theories, the network struc-
ure of protein gels is considered as closely packed fractal flocs
ith the fractal dimension of n [14]. The elastic properties of a floc

re dominated by its effective backbone, which can be approxi-
ated as a linear chain of springs. The elastic constant (K) of the

ndividual flocs is inversely related to their size (�), by means of
∼ K0/�2+x where K0 is the local bending constant between two
djacent springs that belong to the effective backbone of a floc and
is the fractal dimension of the elastic backbone. Since fractal flocs
re considered scale invariant, the size of the flocs is related to the
olume fraction (�) as � ∼ �1/(n−3). When the links between the
eighboring flocs have a higher elasticity than those in the flocs,
hich is the so-called strong-link regime, the macroscopic elastic

onstant of the gel (G′) is dominated by K. Since G′ of a system of
ize L can be related to K as G′ ∼ (L/�)K, the dependence of G′ on �
s derived as G′ ∼ �(3+x)/(3−n).

Later, several works based on percolation and fractal theories

ound a generic description of gel elasticity [20,21]. In this case, G′,
an be written as a power law according to G′ ∼ (c − cp)n, where c
s the concentration of monomers in the system, cp is the critical
ercolation threshold concentration, and n is a scaling exponent,
Fig. 3. Surfactant concentration dependence of G′ values of ovalbumin gels.

which depends on the type of Hamiltonian that describes the net-
work elasticity. In contrast, the fractal models assume cp = 0 and
predict a power law behavior written as G′∼cw , where the expo-
nent w is related to the fractal dimension of so-called flocs that
form the network. The fractal dimension depends on the inter-
action between the monomers. Finally, van der Linden et al. [22]
found that most data can be described by one percolation model
and the scaling exponent (n) can be determined by their graphical
method. This method uses plots of (G′)1/n versus concentration, c,
and extrapolates these plots to 0. This procedure makes use of the
fact that independent of the value of n, the curves must all inter-
sect the concentration axis at the same value. When the assumed
value for n is close to the actual value, the plot will be linear. If n is
too small or too large the lines are curved. From the plots of (G′)1/n

versus c for various n, those n values that give an approximately
straight line were selected.

Returning to our systems, we analyzed the surfactant concen-
tration dependence of storage modulus of the ovalbumin plus
surfactant gels. The value for G′ was obtained in the linear regime,
where it is independent of the applied strain. The experimental
points and the corresponding selected fits are plotted in Fig. 3.
Values of n obtained for our systems were 1.3, 1.5 and 2.5 for
dodecanoate, perfluorooctanoate and octanoate, respectively. As
we have previously pointed out, the exponent n is a function of the
gel structure. High values, n > 3, suggest that network is composed
by branched linear particles or large cluster with a low density.
Meanwhile, low values indicate that structures are larger, com-
pact and homogeneous [23]. These results correlate well with those
found by Veerman et al. for ovalbumin [24], �-lactoglobulin [25]
and bovine serum albumin [26] at low pH.

Viscosity curves are reported in Fig. 4 and show the trend of
viscosity as a function of the shear rate for all investigated samples.
All measurements were performed controlling the shear stress, so
that the shear rate range depends on the sample viscosity. Initial
experimental values are 1 s−1 in all cases.

In general, one common data pattern can be concluded: under
steady shear flows, no Newtonian regions were observed either
at the high or low limiting shear rates (the low shear Newtonian
region can lie outside the shear rate range accessible to the instru-
ment). Meanwhile, a strong shear thinning in the intermediate
loidal particles at high concentrations tend to order into crystalline
lattices at rest. When shear is applied, the flow concentrates stress
above all at lattice dislocations where particles are loosely trapped
[27]. Under flow, the microstructure of the solution can be mod-
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ig. 4. Experimental viscosity as a function of shear rate for samples of ovalbumin
0 g/l.

led as a solid ordered phase coexisting with a fluid disordered
hase and when shear rate increases the fluid disordered phase
ises above the solid ordered one. This is, the shear destroys part of
he ordered structure (disruption of entanglements and other inter-

olecular interactions) and the so-called shear-thinning behavior
s observed. Finally, the non existence of a Newtonian region at high
hear rates suggests that these systems are not capable of main-
aining part of its initial overall structure. It can be seen that the
mplitude of the shear-thickening is not strongly dependent on
he surfactant concentration.

A more detailed description of the plots allows us to discover
ome divergences among the systems. At this level, significant dif-
erences arise from the varied nature of the surfactant and their
nteractions with the protein network. For both hydrogenated sur-
actants at the lowest concentration, the shear stress was less
ependent on the shear rate on decreasing the rate to 3 s−1, indicat-

ng that an apparent yield stress might exist, as has been observed
n some colloidal systems [28]. On the other hand, for C8HONa
nd C12HONa viscosity increased with surfactant concentration,
hereas for C8FONa the lowest viscosity was found for the high-

st concentration, for all shear rate range. The differences in these
ow behaviors among the surfactants may reflect the differences in
ature of the formed aggregates, for example, the extent in flexibil-

ty of fibrillar aggregates. Former studies have demonstrated that
pon heating, ovalbumin molecules denature and aggregate into
hin strands (linear aggregates) or more dense particles (random
ggregates) depending on the conditions used for the heat treat-
ent: pH, ionic strength or protein concentration. Under conditions

f high electrostatic repulsions, far from pI, denatured ovalbumin
ainly formed linear semi-flexible aggregates of approximately

–12 nm while their level of branching considerably increased

hen the electrostatic repulsions are screened [29]. The nonlinear
ependence of the viscosity with surfactant concentration reflects
hat linear structures are not perfect, probably upon addition of
urfactants protein is unfolded and different interactions between
omplexes of polypeptide–surfactant arise [30]. It is well known
n the presence of different concentration of surfactants. Ovalbumin concentration,

that the formation of protein surfactant complexes is driven by
electrostatic interactions between the charged headgroup of the
surfactants and the oppositely charged units of the protein, as
well as by hydrophobic interactions between the alkyl chain of the
surfactants and the nonpolar protein residues. In aqueous media
surfactants ions compete with water molecules for binding sites
on the protein, for which in the case of ovalbumin it was found
an average number of 33 mol water bound per mole of ovalbumin
[31]. On the other hand, the overall gelation process requires that
the proteins unfold or undergo some conformational changes ini-
tially and that the second aggregation step proceeds relatively more
slowly than the first to allow the denatured protein molecules to
orient themselves and interact at specific points, thus forming a
three dimensional network [32]. Arntfield et al. [33] investigated
the role of disulfide (SS) bonds in heat-induced networks from oval-
bumin, and found that SS bonds may contribute to the elasticity
and strength of protein networks. The nature of crosslinks in pro-
tein gels has been discussed by several authors [34]. The consensus
view is that with the exception of SS bonds in some protein gels,
the molecules are held together by a combination of weak inter-
molecular forces, i.e., hydrogen bonds, electrostatic forces, van der
Waals forces, and hydrophobic interactions. These results impli-
cate essentially all of the potential interaction sites or functional
groups of the molecules in the gelation process, including –SH
groups. Also, it was suggested that critical number of sulfhydryl
groups can be introduced beyond which the microstructure of the
aggregates transforms from fibrillar into amorphous. Rheological
studies further suggested that covalent networks, once formed, do
not have the possibility to rearrange, reducing the possibility to
attain a stronger network. These results show that, even though
aggregation of ovalbumin may be primarily driven by physical

interactions, formed disulfide bonds are important to determine
the resulting aggregate morphology and rheological properties
[35]. From our results it can be inferred that there is an initial
electrostatic interaction between surfactant and protein. This inter-
action unfolds partially protein structure, enhancing SS interactions
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ig. 5. Storage (G′) and loss (G′′) moduli as a function of frequency for ovalbumin su

nd gel strength. However, in the case of the fluorinated surfactant,
t high concentrations there is a disruption of the network and a
ecrease in viscosity. This result could be simultaneously related
ith the high hydrophobicity of this surfactant, similar to those of

he C12HONa, and the stiffer fluorinated alkyl chain, which results
n lower gauche conformations that become more important when
iscosity of samples is increased.

Fig. 5 shows the surfactant type dependence of the dynamic
iscoelastic behavior of the gels (similar patterns were found for
he other surfactant concentrations). Both the storage and the loss

oduli increased with frequency. We note that, for the three surfac-
ants, the storage modulus was always larger than the loss modulus
hroughout the frequency domain studied at all concentrations,
hich is a characteristic feature of systems exhibiting elastic behav-

or. This fact also suggests that frequency did not significantly
hange the network structures of the ovalbumin–surfactant gels,
nd that such network behavior was not due to the limited fre-
uency range available.

. Conclusions

In this work, we have provided some novel insight about the
elation of ovalbumin–surfactant mixtures. The main features
rom this study can be summarized as follows. Firstly, gelation
f ovalbumin–surfactant systems for three different surfactants
C8HONa, C8FONa and C12HONa) at different surfactant concen-
ration mixture ratios in the range 0–10 mM was studied, and
he strength of the gel was observed to increase with increas-
ng surfactant concentration. For the three surfactant under study
el strength follows the order C8FONa > C12HONa > C8HONa. Sec-
ndly, the surfactant concentration dependence of the storage

odulus can be described by power laws. The results suggest a

brillar structure of the gels and a fractal dimension dependent of
he surfactant nature. Finally, based on viscosity measurements, the
ifferent nature of the fluorinated surfactant provokes a disruption
f the gel network at high concentrations.

[

[

[

nt mixture. Ovalbumin concentration, 40 g/l. Surfactant concentration 5 mM.
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