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Introduction

Processed foods are very complex multi-component systems con-
sisting of polymeric proteins and polysaccharides, fats, water, sug-

ars, flavors, and other small molecular-weight compounds. In most
cases, some of these components, for example fat and aqueous
phases, do not mix with each other and exist as different phases with-
in the food matrix. Although proteins and polysaccharides are solu-
ble in the aqueous phase, they often exhibit incompatibility of mixing
and undergo coacervation, a phenomenon often termed as water-in-
water emulsion (Tolstoguzov 1998; de Kruif and Tuinier 2001; Stokes
and others 2001). Other small molecular-weight organic substances,
such as flavors, partition between the aqueous and the oil phases
depending on their relative solubility in these 2 phases (Meynier and
others 2003). Such phase separation, aggregation, and partitioning
phenomena profoundly affect the organoleptic properties, especial-
ly the textural and mouth-feel properties, of food products (Tol-
stoguzov 2000). The phase separation phenomenon is particularly of
concern in liquid-type food emulsions and foams as compared with
solid foods because of greater molecular mobility inherent in liquid-
type foods. In products such as ice cream, salad dressings, spreads,
infant milk formulas, geriatric foods, and so on, the stability of the
dispersed fat phase, which is present in the form of micron-sized
dispersed particles, during storage is essential for product accep-
tance at the time of consumption.

Food dispersions generally are of 3 types, namely, oil-in-water and
water-in-oil emulsions, in which 1 liquid phase is dispersed in anoth-
er liquid phase; foam, in which air (gas) bubbles are dispersed in an
aqueous medium; and sol, which is small solid particles dispersed in
a liquid medium. In oil-in-water emulsions, an aqueous medium is
the continuous phase and oil is the dispersed phase. Most food
emulsions, including mayonnaise, fall under this category. In the
case of water-in-oil emulsions, the oil is the continuous phase and
water is the dispersed phase. A good example of this type of emul-
sion is margarine. In both cases, the dispersed phase is distributed
in the form of micron and submicron-size particles or droplets and
hence such systems are often called colloidal dispersions.

Food emulsions and foams are essentially lyophobic colloidal dis-
persions (Walstra 1996); that is, the continuous phase of these systems
does not have the thermodynamic desire to wet the dispersed phase.

This is characterized by the interfacial tension between the 2 phases.
As a result, when oil is dispersed in water, the increase in interfacial
area between the continuous and dispersed phases increases the
overall free energy of the system compared with its free energy before
dispersion. In accordance with the thermodynamic dictum that all
systems should be at their global energy minimum state, such colloi-
dal dispersions rapidly separate into 2 phases to minimize the interfa-
cial contact area and the free energy. The rate of phase separation or
de-emulsification can be controlled or manipulated by minimizing the
interfacial tension between the continuous phase and the dispersed
droplets. This is accomplished by adding an amphiphilic molecule that
acts as surfactant by adsorbing to and orienting itself at the interface
in such a way that its nonpolar (hydrophobic) segment is partitioned
into the oil (or gas) phase and its hydrophilic segment exposed to the
aqueous phase. Even in the presence of a surfactant adsorbed at the
interface, lyophobic colloids are never truly in a state of thermodynam-
ic equilibrium. The thermodynamic state of these systems continu-
ously changes with time as a result of various physical processes and
interactions. The only possible equilibrium state for these systems is
complete separation into 2 phases with the minimum possible inter-
facial area. Therefore, even in the presence of a surfactant, these sys-
tems are only kinetically stable. This innate quality of 2-phase dis-
persed systems poses a challenge to the keeping qualities of food
emulsions and foams during storage.

Key Issues in Emulsion Stability

Various physical forces affect the kinetic stability of emulsions.
These are related to density difference between the dispersed

and the continuous phases, interparticle interactions between
droplets, and the structure and viscoelastic properties of the sur-
factant film. These physical forces influence the rates of various
processes, such as creaming, flocculation/aggregation, and coales-
cence of emulsion droplets during storage.

CreamingCreamingCreamingCreamingCreaming
Creaming refers to the tendency of oil droplets in an emulsion to

rise to the top against gravity. This is essentially related to the dif-
ference in the density between the dispersed phase and the con-
tinuous phase. Using the Stokes law, it can be shown that the rate
of creaming follows the equation:

v = 2r2(��)g/9�o (1)

where r is the radius of the oil droplets, �� is the difference in the
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densities of the dispersed and the continuous phases, g is acceler-
ation due to gravity, and �o is the viscosity of the medium. Equa-
tion 1 can predict the creaming rate of a dilute emulsion with mon-
odispersed particles. For dilute emulsions with polydispersity, such
as infant milk formula (Howe and others 1985), the following equa-
tion holds true:

(2)

where d and � are the weight average particle diameter and stan-
dard deviation, respectively. It should be emphasized that both Eq.
1 and 2 are applicable only to dilute emulsions; they cannot predict
creaming rate in concentrated emulsions, such as mayonnaise or
salad dressings. Nevertheless, Eq. 1 and 2 state that the rate of
creaming can be greatly reduced if the density difference between
the dispersed oil phase and the aqueous continuous phase is min-
imized, if the radius of oil droplets is reduced, and the viscosity of
the continuous phase is increased. However, while it is possible to
control the radius of the oil droplets and the viscosity of the medi-
um, it is not possible to manipulate the density difference between
the oil and the aqueous phases, which is about 0.05 g cm–3 for most
of the food grade oils and fats. Brominated vegetable oil is used as
a weighting agent to compensate for the density difference be-
tween the oil and the aqueous phases in soft drink emulsions.
When brominated vegetable oil is mixed with regular vegetable oil
at 25 wt% level, the density of the oil phase is almost the same as
the aqueous phase (Chanamai and McClements 2000). However,
the use of brominated oil in typical food emulsions is not common
because it is suspected to adversely alter lipid metabolism in rats
(Lombardo and others 1985). Therefore, in most food emulsions,
the size of the oil droplets and the viscosity of the medium are the
only parameters that can be manipulated to decrease the rate of
creaming. If the density difference between oil and water is about
0.05 g cm–3 and the viscosity of the continuous phase is 0.001 Pa s,
then Eq. 1 predicts that the rate of creaming is about 0.32 mm h–1 for
a droplet having a radius of 5 �m, about 0.012 mm h–1 for a droplet
having a radius of 1 �m, and about 0.12 � h–1 for a 0.1-�m radius
particle. Thus, the size of oil droplets has an enormous influence
on the rate of creaming. It is easy to visualize that if the radius of the
oil droplet is further reduced to a very small size at which the cream-
ing rate of the particle is roughly equal to its Brownian motion, then
creaming will not occur in such an emulsion. However, in practical
situations as encountered in food systems, it is difficult to reduce
the size of the oil droplets to such a small size without incurring
enormous amount of energy input.

Dispersion of oil in water in the form of tiny droplets is an energy
intensive process. The average size of droplets produced during
homogenization of a mixture of oil and water is a complex function
of the energy input per unit volume per unit time (E), the interfacial
tension between the dispersed and continuous phases (�i), and
the density of the continuous phase (�), and it follows an empirical
relation (Walstra 1988):

(3)

Equation 3 states that smaller droplets can be obtained by in-
creasing the energy input and the density of the continuous phase,
and by decreasing the interfacial tension. Decrease of interfacial
tension is achieved by adding low molecular-weight surfactants,

such as lecithin, monoacylglycerol, and sorbitan esters, or by add-
ing proteins. The ability of these surfactants to rapidly adsorb and
lower the interfacial tension during the emulsification process (that
is, as new interfacial area is created) is critical to both the formation
and stability of emulsions. In this respect, small molecular-weight
surfactants generally perform better than macromolecular surfac-
tants, such as proteins, owing to their high diffusivity. However,
although proteins adsorb and reorient themselves at a slower rate
at the newly created interfaces during the emulsification process
compared with small molecular surfactants because of size and
structural complexities, other properties, such as their ability to
form a strong viscoelastic film around oil droplets and the arrange-
ment of the protein chain configurations in the form of “loops and
trains” in the film, introduce additional forces that help formation
of a stable emulsion (Dalgleish 1997; Wilde 2000; Dickinson 2001).

The rate of creaming can be decreased further by increasing the
viscosity of the medium, for example by adding thickening agents
such as hydrocolloids and polysaccharides to the continuous
phase. However, while these macromolecules can retard creaming
at high concentrations, they tend to destabilize emulsions at low
concentrations. Two molecular phenomena, namely polymer
bridging between adjacent droplets and depletion flocculation, are
involved in this destabilization process (Cao and others 1990). The
mechanisms of these processes will be discussed later.

Creaming is essentially a reversible process. Until the time floccu-
lation or coalescence of droplets commences in the cream, a thin liq-
uid film between the droplets keeps them separated. The droplets
can be redispersed into the continuous phase by gentle shaking.

FlocculationFlocculationFlocculationFlocculationFlocculation
Flocculation refers to loose association of oil droplets facilitated

by a net force of interparticle attraction. The structure and proper-
ties of the flocks depend on the magnitude of the net attractive
force between the droplets and the oil volume fraction. At low oil
volume fraction (dilute emulsions) and with weak attractive forces,
a weakly flocculated emulsion with small number of droplets in
flocks will result; however, if the attractive forces are very strong,
then large aggregates can occur even in dilute emulsions.

The major noncovalent interactions that contribute to floccula-
tion in emulsions are the van der Waals forces (which are attractive),
electrostatic forces (which are mostly repulsive), and steric forces
(which are also repulsive). Depending on the type of surfactant
employed, additional interactions, such as hydrophobic interac-
tions and hydration-repulsion interactions, between the adsorbed
surfactant films may also become important in the promotion or
retardation of flocculation of oil droplets.

The van der Waals attraction between 2 oil droplets arises due to
dispersion interactions between the oil phases as they approach
each other. According to the DLVO (Derjaguin, Landau, Verwey and
Overbeek) theory, when 2 spherical colloidal particles with radius a
approach each other, the net force of attraction is (Israelachvili 1992)

(4)

where AH is the Hamaker constant and d is the surface-to-surface
distance of the 2 particles. In an emulsion, the van der Waals forc-
es act as long-range forces and their influence can extend from 0.2
nm to greater than 10 nm. For a typical 10- to18-carbon chain tria-
cylglycerol oil phase, the Hamaker constant is about 5 × 10–20J (Is-
raelachvili 1992).

The repulsive interactions between oil droplets stabilized by a
low molecular-weight anionic or cationic surfactant essentially arise
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from electrostatic forces between the adsorbed surfactant films. If
�o is the surface charge potential around oil droplets coated with a
saturated monolayer of the surfactant, then when the 2 droplets
approach each other, the compression of the counter ions layers
around each droplet induces a repulsive force. This repulsive force
is roughly equal to (Walstra 1993)

UR = 4.3 × 10–9a ln(1+e–�d) (5)

where � is the Debye-Huckel parameter in m–1. In simple emulsions
stabilized by small molecule surfactant, the net force of attraction
is given by the sum of the van der Waals forces of attraction and the
repulsive electrostatic forces. The typical profiles of repulsive, at-
tractive, and net-interaction energy between a pair of oil droplets
as a function of surface-to-surface distance are shown in Figure 1A.
The net-interaction energy typically shows a secondary energy
minimum in the range of 4 to 10 nm and a maximum around 1 to 3
nm, and a primary minimum below 1 nm, depending on the values
of the various parameters used. It is obvious from the interaction
energy profiles that emulsion droplets can approach each other up
to a distance of separation corresponding to the secondary mini-
mum. However, the primary maximum acts as an energy barrier and
prevents further approach of the particles. In most cases, the pri-
mary maximum is typically about 25 to 50 kT at low ionic strength (I
< 0.01 M–1), and this energy barrier is large enough to prevent aggre-
gation. Depending on the position of the secondary minimum as
well as its depth, however, a weak flock of droplets can occur in cer-
tain type of emulsions, subject to structural properties of the sur-

factant film. In the example shown in Figure 1a, the primary max-
imum in the potential energy profile is due to strong electrostatic re-
pulsive interactions. In a typical food emulsion, the ionic strength
of the continuous phase is greater than 0.01 M–1. This effectively
neutralizes the electrostatic repulsive potential between the drop-
lets (shown in Figure 1a). Consequently, for all practical purposes,
the electrostatic energy barrier for flocculation of emulsion droplets
does not exist in emulsions solely stabilized by small molecular-
weight emulsifiers and, therefore, the oil droplets readily approach
the primary minimum, resulting in strong flocculation.

The major force that prevents or significantly retards flocculation
of oil droplets in food emulsions is the steric repulsive force. This is
particularly very dominant in emulsions stabilized by proteins and
other polymeric surfactants. The origin of this force is attributed to
configurations of polymer chains in the adsorbed layer around oil
droplets (Israelachvili 1992). Typically, flexible polymers often as-
sume “train,” “loop,” and “tail” configurations at the oil-water inter-
face (Israelachvili 1992). The segments in tail and loop configura-
tions protrude into the aqueous phase and the segments in the
train configuration lie in the interface (Damodaran 1997). The var-
ious configuration states of polymers adsorbed to an interface are
shown in Figure 2. If the volume or the size of polymers does not
change upon adsorption (for example, at low coverage), then over-
lapping between the polymer films is less likely when 2 particles
approach each other. If the polymer becomes expanded up on ad-
sorption, which usually is the case at high surface coverage, then
this expansion creates a density profile of polymer segments per-
pendicularly from the interface to the bulk phase. When 2 droplets
with such adsorbed polymer layers approach each other, the over-
lapping of the outer segments of the adsorbed layers produces an
osmotic pressure gradient, which effectively prevents further ap-
proach of the droplets. This osmotic repulsive force arises due to
constraints on the freedom of mobility of the overlapping seg-
ments, causing a decrease in entropy of the chains. The magnitude
of this steric repulsive energy per unit area of the interacting sur-
face is approximately (de Gennes 1987)

(6)

where k is the Boltzman constant, T is the temperature, 	 is the
number of adsorbed polymer molecules per unit area of the inter-
face, L is the thickness of the protruding chains, s is the mean dis-
tance between polymers in the adsorbed layer (s = √1/	 ), and d is
the surface-to-surface distance of the interacting surfaces. The 1st
term in Eq. 6 is the osmotic repulsion force, which opposes the ap-
proach of the 2 particles, and the 2nd term is the elastic energy of
the chain, which favors the approach of the 2 particles. An example
of the influence of steric forces on the interaction energy profile of
2 oil droplets of 1 �m each in diameter with a 2-mg m–2 adsorbed 
-
casein layer having 5-nm thick protruding chains is shown in Figure
1b. It should be noted that steep energy barrier created by steric
repulsion below 10-nm distance effectively eliminates the second-
ary as well as the primary minima in the interaction energy profile.
Thus, steric forces play a predominant role against flocculation in
polymer-stabilized emulsions.

Hydrocolloids are often used as thickening agent in food emul-
sions to retard the creaming rate (see review by Dickinson 2003; Le-
roux and others 2003; Parker and others 1995). However, while hydro-
colloids, such as guar gum, gum Arabic, xanthan gum, and so on,
retard creaming at high concentration, they tend to create instability
in emulsions at low concentrations. This seemingly contradictory
phenomenon occurs in protein-stabilized, as well as in low molecule

Figure 1—(a) Potential energy profiles of electrostatic
(dashed [at I = 0.001 M] and dotted [at I = 0.1 M] lines) van
der Waals forces (dash-dot line) between 2 oil droplets
coated with an adsorbed protein film. The solid line repre-
sents the sum of repulsive and attractive forces at I = 0.001
M. (b) Steric repulsive force between adsorbed protein
layers. The following assumptions were used: Diameter
of droplets = 1 �m; Hamaker constant = 5 × 10–21 J; inter-
facial concentration of adsorbed protein = 2 mg/m2; sur-
face potential = 20 mV; thickness of the protruding layers
= 5 nm; area of contact between the droplets = 3.14 × 10–

15 m2 (this corresponds to overlapping of about 157 mol-
ecules from each droplet surface).
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surfactant-stabilized emulsions (Cao and others 1990, 1991; Gun-
ning and others 1986; Reiffers-Magnani and others 2000; Singh and
others 2003a, 2003b). Two different suggestions have been proposed
to explain this phenomenon. When 2 particles coated with a surfac-
tant are in close proximity, a hydrocolloid polymer chain may make
contact with the surfaces of the particles, creating a bridge between
the 2 particles (de Gennes 1987; Dickinson and others 1989). Forma-
tion of multiple contacts of this type will promote flocculation and
enhance the rate of creaming. This is commonly known as “bridging
flocculation,” and it is more likely to occur when the hydrocolloid
used is a weak emulsifier, for example, gum Arabic, which can adsorb
to the oil-water interface (Syrbe and others 1998). The 2nd explana-
tion, known as “depletion flocculation,” originally proposed by Asaku-
ra and Oosawa (1954, 1958) and later adopted by others (Dickinson
1995; Warren 1997; McClements 1999) is related to the excluded vol-
ume effect of polymeric materials. When a nonadsorbing hydrocolloid
is added to a moderately concentrated emulsion, exclusion of the
polymer from the space between droplets, owing to its hydrodynam-
ic size, sets up a local osmotic pressure gradient. This osmotic force
drives the oil droplets to aggregate. This excluded volume effect and
the consequent development of osmotic depletion force is funda-
mentally related to the conformational entropy of the polymer. When
the space between adjacent droplets is smaller than the entropically
most favorable hydrodynamic size of the flexible polymer, the poly-
mer excludes itself from that space to maintain its thermodynamical-
ly favorable low free energy (high entropy) state. This sets up a con-
centration gradient, and, therefore, an osmotic pressure gradient, in
the system, which forces the emulsion droplets to flock. Depletion
flocculation is more prominent with hydrocolloids having a stiff back-
bone (Syrbe and others 1998). A theoretical phase diagram relating
creaming instability in emulsions to molecular structure and concen-
tration of polysaccharides that induce creaming instability has been
reported (McClements 2000).

It should be noted that both bridging and depletion flocculation
can also occur in protein-stabilized emulsions containing no add-
ed hydrocolloids. This has been observed especially in caseinate-
stabilized emulsions, depending on the concentration of caseinate

(Singh and others 2003a). The creaming stability of emulsion pre-
pared using 0.5% caseinate solution is better than the one prepared
using 3% caseinate solution (Singh and others 2003a). The low sta-
bility of the latter emulsion is due to the presence of excess amount
of unadsorbed casein molecules, which promote flocculation of the
emulsion particles via the bridging and depletion mechanisms.

Although nonadsorbing polysaccharides induce depletion floccu-
lation in emulsions at all concentrations, the creaming stability of the
flocculated emulsion is dependent on the concentration of the
polysaccharide: They destabilize at low concentrations, but stabilize
at high concentrations (Dickinson,Ma, and Povey 1994; Singh and
others 2003a, 2003b; Parker and others 1995; Quintana and others
2002a, 2002b). The stabilizing effect against creaming at high con-
centrations is not simply due to the viscosity enhancement in the
aqueous phase of the emulsion, but is believed to be due to forma-
tion of a weak gel-like network of the emulsion particles (Parker and
others 1995). The viscoelastic properties of such depletion-induced
gels in emulsion have been studied (Tadros 1994; Meller and others
1999). It is the high yield stress of the weak particle network, and not
the viscosity of the continuous phase, that retards the creaming rate.
A weak particle network can occur in the cases of both uncharged and
charged polysaccharides under appropriate pH and ionic strength
conditions (Parker and others 1995; Dickinson and Pawlowsky 1997;
Singh and others 2003a, 2003b).

In most cases, flocculation is an irreversible process. Because in-
terdroplet interactions are involved in the flocculation process, it is
affected by solution conditions, such as pH, ionic strength, and
temperature.

CoalescenceCoalescenceCoalescenceCoalescenceCoalescence
Coalescence refers to merging of 2 or more oil droplets to form a

single large droplet. For coalescence to occur, the droplets need to
be in close proximity for a long period of time. This situation occurs
in creamed or flocculated emulsions.

Coalescence is an irreversible process. It involves rupture of the
thin liquid film of the continuous phase that separates dispersed oil
droplets in a concentrated emulsion or in a cream. The stability of this
film (also known as lamella) as 2 droplets approach each other de-
pends upon the magnitude of 2 opposing forces. The 1st is the cap-
illary pressure. In foams and emulsions, the pressure in the dis-
persed phase is always higher than the pressure in the continuous
phase, and this pressure difference is given by the Laplace equation:

�P = 2�/r (7)

where � is the interfacial tension and r is the radius of the oil droplets
or gas bubbles. This capillary pressure causes drainage and thinning
of the liquid film and eventual collapse of the film. The other force is
the disjoining pressure. This arises from forces between the 2 inter-
faces of the thin liquid film (Bergeron 1999; Stubenrauch and Klitz-
ing 2003). When the 2 interfaces are empty of any adsorbed surfac-
tant molecules (that is, when the dispersed and continuous phases
are pure fluids) (Figure 3a), the disjoining pressure between the in-
terfaces is negligible, and the film collapses readily owing to the
Laplace capillary pressure. However, when the 2 interfaces of the
thin liquid film contain adsorbed surfactant molecules (Figure 3b),
interaction forces generated between these surfactant layers create
disjoining pressure (�), which tends to increase the thickness (h) of
the liquid film and prevents its thinning. Several intermolecular forc-
es contribute to this disjoining pressure and the most important ones
are (Bergeron 1999; Stubenrauch and Klitzing 2003)

�(h) = �ele + �vdW + �steric + ……. (8)

Figure 2—Schematics of steric repulsion between ad-
sorbed protein layers at the oil-water interface of emul-
sion droplets.
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The contribution of van der Waals interactions (�vdW) to disjoining
pressure is always negative, and the contributions of �ele and �steric

are always positive. The typical � versus film thickness (h) profiles
of these forces are shown in Figure 4. As the interfaces of the thin liq-
uid film approach each other, the local concentration of counter ions
in the lamella film increases compared with that in the plateau region.
In addition, overlapping between the protruding chains of ad-
sorbed polymeric surfactants also increases local concentration gra-
dient. Both these factors set up an osmotic pressure gradient that
retards fluid drainage and further thinning of the film.

Another important factor affecting coalescence is the viscoelastic
properties of the surfactant layer. When the lamella film thins below
a critical thickness, hydrodynamic forces can cause ripples in the film
(Sharma and Ruckenstein 1987). The larger the droplet size and the
lower the interfacial tension, the more pronounced will be the ripples.
The ripples, which affect local film thickness, can cause holes in the
film, leading to film rupture and coalescence. A highly viscoelastic
surfactant film can greatly diminish the propagation of ripples and
the probability of formation of holes. In this respect, proteins, which
form a thicker interfacial layer with higher viscoelasticity than small
molecular-weight surfactants, are better suited as emulsifiers.

The forgoing discussions clearly indicate that although the sta-
bility of oil-in-water emulsion is seemingly affected by several fac-
tors, such as the droplet size, the magnitude of attractive and repul-
sive forces between particles and interfaces, interfacial tension,
and so on, 2 factors, namely, the steric repulsion between adsorbed
surfactant layers and the viscoelastic properties of the surfactant
film play a much larger role than the others. The steric repulsion
retards flocculation, the initial step that leads to coalescence. The
viscoelastic properties of the surfactant film retard the rupture of
the lamella film and thereby affect the rate of coalescence of emul-
sion droplets. These 2 factors are fundamentally related to the
physicochemical properties of the surfactant molecules and, there-
fore, attention to these properties of the surfactant is critical for
producing a more kinetically stable emulsion.

Key Issues in Foam Stability

Foam is a colloidal system containing tiny air bubbles dispersed
in an aqueous continuous phase. Typical foam-type food

products are whipped cream, ice cream, cakes, mousses, and
marshmallows. Depending on the volume fraction of gas bubbles
in a foam system, the bubbles may exist in spherical or polyhe-
dral shapes.

Liquid drainageLiquid drainageLiquid drainageLiquid drainageLiquid drainage
The factors affecting the stability of foams are very similar to

those that affect emulsion stability. These are the disjoining pres-
sure, viscoelasticity of the surfactant film, and the interfacial ten-
sion. Liquid drainage and gas disproportionation are 2 macroscopic
processes that contribute to instability of foams (Monsalve and
Schechter 1984; Yu and Damodaran 1991). Coalescence of bubbles
occurs because of drainage of liquid from the lamella film as 2 gas
bubbles approach each other, leading to film thinning and rupture.
The rate of film drainage is given by

V = 2h3(�P)/3�R2 (9)

where h is lamella film thickness, � is dynamic viscosity, R is the
radius of the bubble, and �P is the difference between the capillary
hydrostatic pressure (Pc) and the disjoining pressure (�d) pressure
between the interfaces of the lamella film. In all food foams, Pc is
always greater than �d and, therefore, film drainage is inevitable.
However, the rate can be significantly decreased by increasing the
viscosity of the medium and by increasing the disjoining pressure.
As in the case of emulsions, the disjoining pressure is related to the
development of an osmotic pressure difference between the lamel-
la fluid and the bulk phase as the local solute concentration in-
creases when 2 bubbles approach each other. The major contribu-
tors for this osmotic pressure development are the protruding
chains of the surfactant film, counter ion cloud around the surfac-
tant layer, and hydration repulsion forces. These forces are inher-
ently dependent upon the physicochemical properties of the ad-
sorbed surfactant film.

Ostwald ripeningOstwald ripeningOstwald ripeningOstwald ripeningOstwald ripening
The physicochemical properties of the surfactant film play a vital

role in countering several of the physical processes that impact foam
stability. One of the processes is the Ostwald ripening, also known as
disproportionation. This process refers to diffusion of gas from small
bubbles to large bubbles. The gas bubbles in foams are polydis-
persed. The Laplace pressure of gas in small bubbles is greater than

Figure 3—Schematic representation of thin liquid film
(lamella) between 2 dispersed particles with (a) and with-
out (b) surfactant layers at the 2 interfaces.

Figure 4—Contribution of electrical double layer, van der
Waals, and steric forces to disjoining pressure (�) between
the interfaces of a thin liquid film as a function of film thick-
ness (h). (Adopted from Stubenrauch and von Klitzing 2003).
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that in large bubbles (Eq. 7). Because the solubility of gas in the con-
tinuous phase is affected by pressure, the gas in small bubbles is
more soluble than that in large bubbles. This causes shrinkage of
small bubbles, which eventually disappear, and expansion of large
bubbles. The viscoelastic properties of the surfactant film can exert
control over the rate of shrinkage and eventual collapse of small
bubbles. For instance, if the surfactant molecule in the film can be
readily displaced or dissolved into the bulk phase as the bubble
shrinks, then disproportion can proceed without any change in the
interfacial tension. This occurs normally in foams made with small
molecule surfactants. However, when the rate of desorption of the
surfactant is extremely slow, as is the case with proteins, the increase
in the concentration of surfactant in the adsorbed layer as the bub-
ble shrinks increases its surface rheological properties, notably the
surface dilatational modulus of the adsorbed layer. This significantly
retards the rate of disproportionation.

Another factor that significantly influences drainage is the Ma-
rangoni effect. The Marangoni effect relates to the ability of a surfac-
tant layer to respond rapidly to local fluctuations in interfacial ten-
sion. When liquid drainage occurs in a lamella film, it exerts a
shearing stress on the surfactant layer and as a result an interfacial
tension gradient is created at the surfaces of the lamella film. If ex-
cess surfactant is present in the liquid core of the lamella and if the
surfactant can adsorb rapidly to the regions of the lamella surface
where the interfacial tension is high, then stretching and thinning of
the lamella film can continue. However, when the rate of adsorption
of the surfactant is slow, the adsorbed surfactant layer from the low
interfacial tension region moves toward the high-tension region of
the lamella. As the surface layer moves upward, it drags the lamella
fluid along with it. This process retards the rate of drainage of liquid
from the lamella. The ability of the surfactant layer to stretch toward
the high-tension region is related to its surface dilatational elasticity.
Small molecular-weight surfactants possess poor surface dilatation-
al elasticity compared with proteins and, therefore, thinning and
breakage of the lamella film occurs more commonly and at a faster
rate in foams stabilized by small surfactants.

Proteins and Emulsion stabilization

Formation and stabilization of an oil-in-water emulsion requires
the presence of a surfactant that can effectively reduce the inter-

facial tension between the oil and aqueous phases. This can be
achieved by using either small surfactants, such as lecithins, monoa-
cylglycerol, and so on, or macromolecules, such as proteins. Proteins
are generally less surface active than small surfactants, and at equiv-
alent interfacial concentration small surfactants are more effective
than proteins in reducing the interfacial tension between oil and
water. Typically, most proteins decrease the tension at air-water and
oil-water interfaces by about 15 to 20 mN m–1 at saturated monolayer
coverage (Razumovsky and Damodaran 1999a) compared with 30 to
40 mN m–1 for small surfactants. In any case, recently, based on the-
oretical considerations, it has been pointed out that pure pro-
teins cannot decrease the surface tension of water below 50 mN/m
(Damodaran 2004). The inability of proteins to greatly reduce the
interfacial tension is related to their complex structural properties.
Although proteins contain hydrophilic and hydrophobic groups in
their primary structure, there are no clearly defined hydrophilic head
and hydrophobic tail as found in lecithin or monoacylglycerol. These
groups are randomly spread all over the primary structure of pro-
teins and in the tertiary folded conformation some of them exist as
segregated patches on the surface of the protein molecule. Thus,
when a protein adsorbs to the oil-water interface, only a fraction of
the hydrophobic residues are positioned in the interface facing the
oil phase and most the protein molecule is suspended into the bulk

aqueous phase. Because of conformational constraints to properly
orient the hydrophilic and hydrophobic groups at the interface and
improper packing at the interface proteins are unable to greatly re-
duce the interfacial tension. That is, even in a saturated monolayer
of protein at the interface, a large fraction of water in the interfacial
region remains in a high free energy state.

Although proteins are not highly effective in reducing the inter-
facial tension, a requirement that is absolutely essential for dis-
persing oil into the aqueous phase, protein-stabilized emulsions
are generally more stable than those stabilized by small surfac-
tants. Obviously, other properties of the protein film seem to more
than compensate for their low surface activity. Specifically, at sat-
urated monolayer and multilayer coverage at an interface, proteins
form a gel-like film around oil droplets via noncovalent interactions
(Dickinson 2001). When a protein contains sulfhydryl and disul-
fide groups, conformational changes in the protein at the interface
promote polymerization via the sulfhydryl-disulfide interchange
reaction (Dickinson and Matsumura 1991; Monahan and others
1993; Damodaran and Anand 1997). These interactions, apart from
making the protein irreversibly adsorbed to the interface, provide
a highly viscoelastic film that resists coalescence (Dickinson 1998,
1999, 2001). The segments of the protein that remain suspended
into the aqueous phase in the form of loops provide steric stabili-
ty against flocculation and coalescence of oil droplets. The excel-
lent stability of casein-stabilized emulsions is attributed to this
phenomenon. It has been shown that the thickness of the protrud-
ing layer of caseinate adsorbed at the oil-water interface is about 10
nm at saturated monolayer coverage (Fang and Dalgleish 1996).
This steric force, which is a major factor against coalescence, does
not exist in small molecular surfactant-stabilized emulsions.

While it is possible to predict surface activity of small molecular-
weight emulsifiers, for example from their hydrophilic-hydrophobic
balance (HLB) values, this is not possible in the case of proteins. This
is due to the complexity of protein structure. Each protein possess-
es unique conformational characteristics imparted by its primary
amino acid sequence. Even proteins that contain similar overall con-
tent of hydrophobic and hydrophilic residues exhibit entirely differ-
ent structural characteristics. The differences in structural and other
physicochemical properties of proteins greatly affect their surface
activity. Results of several studies have shown that for a protein to be
a good surfactant, it should have the following attributes: (1) it should
be able to readily adsorb to interfaces, (2) should be able to readily
unfold at the interface, and (3) should be able to form a cohesive film
at the interface via intermolecular interactions.

The rate of adsorption of proteins to the oil-water interface is
greatly affected by the physicochemical properties of the proteins.
For instance, Figure 5a shows the rates of adsorption of 3 structurally
very different proteins, namely 
-casein, bovine serum albumin,
and lysozyme at the triolein-water interface. This difference in their
adsorption behavior arises from differences in the pattern of distri-
bution of hydrophobic and hydrophilic residues on the proteins’
surfaces and consequently their affinity to the oil-water interface.
It has been shown that apart from electrostatic and hydrophobic
interactions, dispersion interactions between proteins and the oil
phase, which include London dispersion interactions and Debye-
Keesom interactions, significantly contribute to adsorption of pro-
teins at the oil-water interface (Sengupta and Damodaran 1998;
Sengupta and others 1999). While several proteins exhibit an ener-
gy barrier to adsorption at the air-water interface, no energy barrier
has been found for adsorption at the oil-water interface; this is due
to stronger dispersion interactions between protein and the oil
phase than between protein and the gas phase (Sengupta and
Damodaran 1998). Dispersion interactions between proteins and
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the oil-water interface are always attractive whereas that between
proteins and the air-water interface are generally repulsive. Be-
cause of this difference, proteins are adsorbed much more readily
at the oil-water interface than at the air-water interface.

About 1% to 3% protein concentration is typically used in the
making of protein-stabilized emulsions. At this concentration range
and under turbulent homogenizing conditions, the rate of adsorption
of the protein at the oil-water interface is not a factor in the formation
of an emulsion. However, the rate at which the adsorbed protein
decreases the interfacial tension is very crucial for stabilizing the
interface. Figure 5b shows differences in the rate of increase of sur-
face pressure of 3 proteins at the triolein-water interface. It should be
noted that while the rates of change of surface concentration and
surface pressure of 
-casein follow a parallel behavior, the rate of
increase of surface pressure lags behind the rate of increase of sur-
face concentration in the cases of BSA and lysozyme (Figures 5a and
5b). These observations, which are similar to those found at the air-
water interface (Xu and Damodaran 1993; Anand and Damodaran
1995), suggest that while the disordered 
-casein could rapidly ex-
pand and reorient at the oil-water interface, the highly ordered BSA
and lysozyme unfold and reorient slowly at the interface. Recent
investigations have shown that the delay in the surface pressure
evolution of lysozyme solution is related to a surface phase transition
in the adsorbed film (Erickson and others 2003).

The rheological properties of protein films are very critical for
stabilizing the dispersed oil phase under dynamic conditions of
emulsion formation. For instance, at 1% protein concentration most
food proteins reach equilibrium surface pressure very rapidly and
the final surface pressure is almost the same, that is, about 15 to 20
mN m–1. Yet, the size of oil droplets and the total interfacial area of
the emulsion created under identical emulsification conditions are
not the same for proteins. The oil droplet size increases in this or-
der: soy proteins > whey proteins > sodium caseinate > soluble
wheat proteins > blood plasma proteins (Walstra and de Roos
1993). This difference is due principally to differences in the vis-
coelastic properties of the protein films formed at the oil-water in-
terface (Dickinson 1999) and to the amount of protein adsorbed to
the interface (	, mg m–2) (Tcholakova and others 2003). Under
dynamic conditions of homogenization, when interfacial gradients
are continuously generated as new interfacial areas are created, the
ability of the nascent protein film to flow from low-tension regions
to high-tension regions (the Marangoni effect) is critical for the ini-
tial stabilization of emulsion droplets.

The single most important property that impacts surface activity
of proteins is its molecular flexibility, that is, a protein’s innate ability
to undergo rapid conformation change when it is transferred from
one environment to another. Investigations on several unrelated pro-
teins have shown that the dynamic surface activity of proteins, that
is, the instantaneous change in surface pressure per milligram of
protein, during adsorption from the bulk phase to the air-water inter-
face, is positively and linearly correlated to the adiabatic compress-
ibility (that is, molecular flexibility) of proteins (Razumovsky and
Damodaran 1999a). Molecular flexibility is a manifestation of the
sum of all positive and negative interactions as well as steric forces
within a protein molecule, and it represents the susceptibility of a pro-
tein’s conformation to altered environment. Rapid conformation
change at an interface is essential for the protein to reorient its hy-
drophobic and hydrophilic residues toward oil and aqueous phases
and also to maximize the exposure and partitioning of these residues
toward the 2 phases. A highly rigid protein cannot decrease the inter-
facial tension even at a saturated monolayer condition because such
a protein will continue to remain in a gaseous state; a phase transition
from a surface gaseous phase to a liquid expanded phase through

protein-protein interactions, which requires protein unfolding, is
essential for interfacial tension reduction (Erickson and others 2003;
Rao and Damodaran 2000).

Apart from molecular flexibility, several other physicochemical
properties of proteins affect the formation and stability of emulsions.
Solubility in the aqueous phase is a prerequisite for a protein to be a
good emulsifier. Less soluble or highly hydrophobic proteins may
precipitate at the oil-water interface and thus cause instability in
emulsions. Surface hydrophobicity plays an important role in the
initial anchoring of a protein to the oil-water interface (Kato and
Nakai 1980). The greater the number of hydrophobic patches on a
protein’s surface, the higher is the probability of its adsorption and
retention at the interface. For instance, recently Wierenga and oth-
ers (2003) studied the rates of adsorption of native and caprylated
ovalbumin at the air-water interface. It was found that whereas the
rate of adsorption of native ovalbumin was much lower than its dif-
fusivity in the bulk phase, the rate of adsorption of caprylated oval-
bumin (with 4 capryl groups attached) was comparable to its bulk
diffusivity. The slower-than-diffusional transport of native ovalbu-
min to the air-water interface was interpreted as due to the existence
of an energy barrier and the magnitude of this energy barrier was
removed almost completely by increasing the exposed hydrophobic-
ity of the protein via attaching 4 capryl groups on its surface. Wieren-
ga and others (2003) also reported that even though the rate of ad-
sorption of caprylated ovalbumin was faster than native ovalbumin,
the surface pressure (�) at any given surface concentration (	) was
the same in both cases. Thus, surface hydrophobicity might increase
the probability of anchoring of the protein to the interface, but the
ability of the protein to reduce interfacial tension largely depends on
its other physicochemical properties discussed earlier.

The initial structural state of a protein impacts its surface activity.
Compact and highly ordered proteins possess poorer surface activ-
ity and emulsifying capacity than the ones that have disordered
structure. In this respect, partial heat denaturation of proteins
generally improves their surface activity (Dickinson and Hong
1994; Zhu and Damodaran 1994a). Excessive heat denaturation
may impair the emulsifying properties by rendering the protein
insoluble (Voutsinas and others 1983).

Small molecular-weight emulsifiers, such as phospholipids,
which are generally found in foods, can compete with proteins for
adsorption at the oil-water interface during the emulsification pro-
cess (Kiosseoglou and Perdikis 1994; Tomas and others 1994; Dick-
inson and Hong 1994; Fang and Dalgleish 1996; Dalgleish and oth-
ers 1995; Euston and others 1995, 1996; Gunning and others 2004;
Mackie and others 2003, 2000). Because small surfactants can dif-

Figure 5—Kinetics of adsorption of 
-casein (�), bovine
serum albumin (�����), and lysozyme (�) at triolein-water in-
terface at pH 7.0 and 25 °C. The initial concentration of
the protein in the bulk phase was 1.5 �g/mL.
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Figure 6—Kinetics of competitive coadsorption of �s-casein
(�) and �-casein (�) at the triolein-water interface from a
binary bulk solution containing 1.5 �g/mL each protein.

fuse rapidly to the interface and lack conformational constraints for
reorientation at the interface, at sufficiently high concentrations
they can effectively inhibit protein adsorption to oil droplets. This
behavior is seen during coadsorption of protein and small molecu-
lar surfactant at the planar oil-water interface (Gunning and others
2004; Mackie and others 1999a 2000, 2003). A review of these stud-
ies has been published recently (Bos and van Vliet 2001; Pugnaloni
and others 2004)

In real food emulsions, when small molecular-weight surfactant
and proteins are mixed together prior to homogenization with the oil
phase, the amount of protein incorporated at the oil droplet surface
decreases as the surfactant to protein concentration ratio is in-
creased. However, only partial displacement of protein occurs even
at high surfactant concentrations (Euston and others 1995, 1996).
This suggests that in emulsion systems, protein in adsorbed layers
around oil droplets might be present in the form of a protein-surfac-
tant complex, formed as a result of the homogenization process. On
the other hand, when a small molecular surfactant is added to a pre-
formed protein-stabilized emulsion, the surfactant displaces the
protein from the oil droplet surface. Complete displacement of the
protein occurs at high surfactant to protein ratios (Courthaudon and
others 1991). This phenomenon is explained using an orogenic dis-
placement mechanism (Mackie and others 1999a). According to this
orogenic mechanism, because of inherent steric factors, packing of
protein molecules in the film formed at an interface is not homoge-
neous and thus it contains void spaces. When a low molecular surfac-
tant is added to the continuous phase, the surfactant initially adsorbs
to these void spaces owing to its small size and these nucleated sur-
factant domains grow with time (Mackie and others 2003). It is be-
lieved that as the surfactant domains expand, they compress the
protein film. At sufficiently high surface pressures, created by the
adsorbing surfactant molecules, the protein film loses its integrity and
the protein desorbs into the bulk phase. An alternative mechanism
involving changes in interfacial water activity has been proposed to
explain this phenomenon (Damodaran 2004).

Another factor that affects protein-stabilized emulsions is the
protein composition. Food proteins in general are mixtures of sev-
eral protein components. For instance, egg protein is a mixture of 5
major proteins and several minor protein components. Likewise,
whey protein is a mixture of -lactalbumin and 
-lactoglobulin and
several other minor proteins. Seed storage proteins, such as soy
protein isolate, contain at least 2 major protein fractions, viz., legu-
mins and vicillins. During emulsification, the protein components
of the mixture compete with each other for adsorption to the inter-
face. The composition of the protein film formed at the interface is
dependent on relative surface activities of various protein compo-
nents of the mixture. For instance, when a 1:1 mixture of s- and 
-
caseins are allowed to adsorb to the oil-water interface, the amount
of s-casein in the protein film at equilibrium is almost twice that of

-casein (Damodaran and Sengupta 2003) (Figure 6). At the air-
water interface, however, an exactly opposite behavior is observed
(Anand and Damodaran 1996). Preferential adsorption of protein
components of various food proteins at the oil-water interface of
emulsions has been reported. Anton and Gandemer (1999) studied
the effect of pH on emulsifying properties of egg yolk. The interfa-
cial protein concentration was higher at pH 6 than at 3 and 9. At pH
6, all the proteins of yolk, except phosvitin, were adsorbed at the
emulsion interface. At pH 3.0, phosvitin was the main protein, and
at pH 9 only the apoproteins of low-density and high-density lipo-
proteins were found. Thus, the pH-dependent net charge of pro-
teins seems to affect the interfacial protein composition of yolk-
stabilized emulsions. Dickinson and others (1988) showed that
oil-in-water emulsions prepared with a 1:1 mixture of 
-casein and

s1-casein contained more 
-casein than s1-casein in the ad-
sorbed protein layer. The ratio of s1-casein to 
-casein in the ad-
sorbed layer increased with increasing ratio of s1-casein to 
-
casein in the bulk phase; however, under no circumstances was the
ratio in the adsorbed layer the same as the ratio in the bulk phase,
indicating that there was preferential adsorption of 
-casein at the
oil-water interface. In another study involving sodium caseinate,
the composition of various caseins in the adsorbed layers of freshly
prepared emulsions was very similar to the composition in the bulk
phase, but on aging, 
-casein from the bulk phase displaced some
of the s1-casein from the interfacial layer (Robson and Dalgleish
1987). Competitive adsorption of caseins and whey proteins at the
oil-water interface emulsions has been reported (Dalgleish and oth-
ers 2002a, 2002b). At temperatures above 40 °C, addition of whey
protein isolate to casein-stabilized emulsions caused displacement
of caseins from the interface. Both s1-casein and 
-casein were
displaced as -lactalbumin and 
-lactoglobulin from the bulk
phase adsorbed to the interface, but �-casein was not displaced.
The exchange was temperature dependent as there was no detect-
able exchange at room temperature (Dalgleish and others 2002a).
However, when purified individual whey proteins and caseins were
used, only 
-lactoglobulin was able to displace caseins but -lactal-
bumin could not (Dalgleish and others 2002b). These results indi-
cated that some minor protein components of whole caseinate or
whey protein isolate or some contaminant phospholipids might
account for exchange between bulk phase whey proteins and ad-
sorbed caseins. Nevertheless, the competitive adsorption studies
on protein mixtures in model as well as real emulsion systems clear-
ly indicate that preferential adsorption of protein components oc-
curs at the oil-water interface, and variations in protein composi-
tion of the bulk phase would affect protein composition of the
adsorbed film, which in turn may affect the stability of the emulsion.

Polymer mixtures generally exhibit incompatibility of mixing in
solution. This is also true with protein mixtures at high concentra-
tions (Polyakov and others 1979, 1985, 1997). In adsorbed layers of
protein mixtures at the oil-water interface, where the local protein
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concentration is typically in the range of 15% to 30%, conditions do
exist for nonideal mixing between protein constituents. If the system
is sufficiently mobile, which is the case at the air-water and oil-water
interface, and if the proteins in the adsorbed layer are not kinetically
trapped by covalent cross-linking, then incompatibility of mixing
may lead to two-dimensional phase separation of the proteins in the
adsorbed layer. Evidence for this at the air-water (Razumovsky and
Damodaran 1999b, 2001; Sengupta and Damodaran 2000 2001;
Sengupta and others 2000) and oil-water (Damodaran and Sengupta
2003) interfaces has been reported. Rheological studies on adsorbed

-casein + 
-lactoglobulin binary films at the air-water interface also
have provided evidence for the existence of nonideality of mixing
between these 2 proteins (Rideout and others 2004). Epifluorescence
microscopy of several mixed protein films at the air-water interface
also has shown distinct phase separated regions within the film (Sen-
gupta and Damodaran 2000, 2001; Sengupta and others 2000). An
example of this phenomenon in acidic subunits of soy 11S and 
-
casein mixed film at the air-water interface is shown in Figure 7. If
two-dimensional phase separation occurs in mixed protein films
around oil droplets, it is conceivable that the interface of such phase-
separated regions might act as source of instability in emulsions.
However, a direct correlation between thermodynamic incompatibil-
ity of mixing of proteins in mixed protein films at the oil-water inter-
face and the kinetic stability of emulsions made of protein mixtures
is yet to be determined.

Proteins and foam stabilization

The molecular properties requirements of proteins to stabilize
foams and emulsion are very similar. However, because the in-

terfacial tension at the air-water interface is much greater than at the
oil-water interface and the magnitude of dispersion interactions
between protein and the nonaqueous phase in the interfacial region
is different (Sengupta and Damodaran 1998), some variations are
observed in molecular requirements for foaming properties of pro-
teins. For instance, the emulsifying capacity of proteins shows a good
positive correlation with their surface hydrophobicity (Kato and
Nakai 1980), but no such correlation is found with the foaming ca-
pacity of proteins (Townsend and Nakai 1983). Instead, foaming
capacity exhibits a positive correlation with the average hydropho-
bicity of proteins (Kato and others 1983). While surface hydrophobic-
ity refers to the free energy change for binding of nonpolar fluores-
cent probes such as cis-parinaric acid or 1-anilino-8-naphthalene
sulfonate to hydrophobic patches or cavities on the surface of pro-
teins, the average hydrophobicity refers to the average free energy
change for transfer of amino acid side chains from a nonpolar solvent
to water. It appears that because the interfacial free energy at the oil-
water interface is lower than that at the air-water interface, proteins
may be denatured only to a limited extent at the oil-water interface
and, therefore, the surface hydrophobicity becomes crucial for an-
choring proteins at the oil-water interface. At the high free energy air-
water interface however, proteins are denatured to a greater extent,
which exposes buried hydrophobic residues to the interface. Thus,
although surface hydrophobic patches facilitate initial anchoring of
the protein, the properties of the unfolded protein rather than the
native protein dictates the behavior of the protein at the air-water
interface. This seems to be the reason for the positive correlation
between average hydrophobicity and foaming capacity.

Partial denaturation of proteins generally improves their foam-
ing properties. A 5% w/v whey protein isolate (WPI) solution heated
for 1 min at 70 °C exhibited significantly better foamability and
foam stability than the native and extensively denatured WPI (Zhu
and Damodaran 1994a). Extensive heat-induced polymerization of
proteins impairs their foaming properties. However, in certain pro-

teins, an optimum ratio of monomeric to polymeric protein im-
proves their foaming properties. For example, foams prepared us-
ing a 40:60 mixture of monomeric to polymeric WPI shows better
foam stability than those prepared using the native or polymerized
WPI (Zhu and Damodaran 1994a). However, the foaming capacity
was better at a monomer to polymer ratio of 60:40. Recent investi-
gations on the rheological properties of foams formed with mixtures
of monomeric and polymeric WPI have essentially confirmed these
findings (Davis and Foegeding 2004).

Divalent cations, that is, Ca++ and Mg++, significantly influ-
enced the foaming properties of WPI (Zhu and Damodaran 1994b).
This has been attributed to time-dependent aggregation of the
protein in the presence of low (0.02 to 0.4 M) concentrations of these
ions. The effect was more dramatic when the protein solution was
foamed immediately after the addition of the cation, and it de-
creased progressively with longer incubation time with the cation
prior to foaming. It appears that cation-induced slow aggregation
of the protein in situ in the film produces a better viscoelastic film
that retards liquid drainage by preventing thinning of the lamella
film, whereas solution-phase aggregation impairs foamability by
decreasing the adsorption of protein to the air-water interface dur-
ing whipping/bubbling (Zhu and Damodaran 1994b). It is not clear
whether the effects of divalent cations on foaming properties are
specific only to WPI or to other proteins as well.

Molecular flexibility affects foaming properties of proteins.
Cleavage of intramolecular disulfide bonds in proteins can increase
molecular flexibility. It has been shown that cleavage of the 17 dis-
ulfide bonds in bovine serum albumin dramatically improved its
foamability and foam stability (Yu and Damodaran 1991). Apart
from improving the molecular flexibility, re-oxidation of the sulfhy-
dryl groups in the protein film at the air-water interface might also
be a reason for improvement in the foaming properties as it might
enable formation of a cohesive film (Yu and Damodaran 1991).
Recently, it has been reported that the rate of adsorption soy glyci-
nin and surface tension reduction at the air-water interface was
greater at pH 3 than at pH 6.7 (Martin and others 2002). This has
been attributed to dissociation of the 11S form glycinin oligomer to
3S form subunits. Surface shear viscosity of the glycinin film after
aging for 2 h at the air-water interface was higher at pH 3 than at pH
6.7; however, the shear viscosity was the same for both the films
after 24 h of aging (Martin and others 2002), suggesting that the 11S
form of glycinin may slowly dissociate into subunits at the inter-

Figure 7—Epifluorescence microscopic images of adsorbed
mixed protein film of acidic subunits of soy 11S (A11S) and
�-casein at the air-water interface. The film was transferred
from the air-water interface on to a glass slide using the
Langmuir-Schafer technique. The proteins were labeled
differently with red (�-casein) and green (A11S) fluorescent
dyes before coadsorption from a bulk phase. The concen-
tration ratio of A11S to �-casein in the bulk phase was
2.5:1.5. The red regions are �-casein and the green re-
gions are A11S in the binary film. Note that �-casein forms
the continuous phase and A11S forms  the dispersed phase
in this laterally phase-separated film.
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face. The foaming properties of glycinin were better at pH 3 than at
pH 6.7, confirming a direct correlation between conformational
state of the protein, rheological properties of the protein film, and
the foaming properties.

Several external factors affect foaming properties of proteins.
These include nonprotein additives such as polysaccharides, low
molecular-weight peptides, phospholipids, sugars, pH, and ionic
strength (Zhu and Damodaran 1994b, 1994c; Murray and Liang
1999; Carp and others 1999; Sarker and others 1996). Phospholipids
and low molecular-weight peptides compete with proteins for ad-
sorption at the air-water interface. Because these small emulsifiers
produce interfacial films with poor viscoelastic properties and steric
stability, foams formed in the presence of excess amounts of these
additives adversely affect the stability of the foam (Garofalakis and
Murray 2001). This is also one of the reasons why protein hydrolyz-
ates are poor foaming agents than their parent proteins (Mutilangi
and others 1996; Perea and others 1993). Increase of ionic strength
decreases both foam stability and foaming capacity of whey pro-
teins (Zhu and Damodaran 1994c). This is related to charge neu-
tralization, which may cause protein aggregation and formation of
holes in the protein film and acceleration of Ostwald ripening. How-
ever, in the case of skim milk powder, an increase in foaming prop-
erties with increase of NaCl concentration up to 0.8 M has been
reported (Zhang and others 2004). This might be related to the
antagonistic effect of NaCl with calcium ions on the dissociation of
casein micelles in skim milk powder; the dissociated caseins may be
more surface active than the intact micelle.

Sugars generally improve foam stability, however they do not
improve foamability (Zhu and Damodaran 1994c). The improve-
ment in foam stability is due to an increase in the specific viscosi-
ty of the solution. A direct correlation has been observed between
specific viscosity of lactose containing WPI solution and its foam
stability (Zhu and Damodaran 1994c).

Improving protein functionality forImproving protein functionality forImproving protein functionality forImproving protein functionality forImproving protein functionality for
stabilizing emulsions and foamsstabilizing emulsions and foamsstabilizing emulsions and foamsstabilizing emulsions and foamsstabilizing emulsions and foams

Traditional proteins, such as caseins, egg, and meat proteins,
possess excellent functional properties suitable for several appli-
cations in the food industry. It should be recognized that each of
these traditional proteins are, in fact, a mixture of proteins and,
therefore, their desirable functional properties may arise from spe-
cific contribution of each component in the mixture to the formation
and stability of foams and emulsions. In this context, the poor
emulsifying and foaming properties of nontraditional plant pro-
teins, such as cereal and legume proteins, and whey proteins might
be due to lack of protein components that can contribute to various
functions at interfaces.

The factors affecting the foaming and emulsifying properties of
proteins are fairly well understood. However, imparting these func-
tionalities in plant proteins is easier said than done. The difficulty
arises not from lack of knowledge, but because of the complexity of
the protein structure, which, in certain cases, is not amenable to
precise alteration/modification. Nevertheless, the foaming and
emulsifying properties of proteins can be improved through phys-
ical, chemical, enzymatic, and genetic modifications.

Physical modifications involve partial denaturation or unfolding
of the protein under controlled heating and shear conditions (for
example, see Bals and Kulozik 2003; Mitidieri and Wagner 2002).
This is essentially a trial and error approach because “partial dena-
turation” cannot be defined in absolute terms. Furthermore, the
“partially denatured state” may be affected by several parameters,
such as heating rate, shear rate, protein concentration, pH, ionic
strength, the presence of other food constituents such as lipids and

polysaccharides and their concentrations, and so on. One also has
to take into account the impact of partial denaturation on polymer-
ization and/or aggregation of the protein. The protein in the par-
tially denatured state should be soluble as insoluble proteins can-
not adsorb and form a viscoelastic film at air-water and oil-water
interfaces. Heating of 
-lactoglobulin and -lactalbumin at 80 °C in
the dry state (7.5% moisture content) for an extended period of time
(up to 5 d) significantly improved the foaming and emulsifying
properties of the proteins (Ibrahim and others 1993). During this
heating period, the surface hydrophobicity of 
-lactoglobulin de-
creased and that of -lactalbumin increased, suggesting structural
changes in these proteins. Partial denaturation of proteins also can
be achieved by subjecting proteins to high hydrostatic pressure.
Studies on soy proteins have shown that the emulsion stability in-
dex of high pressure–treated soy proteins decreased with increas-
ing pressure in the range of 200 to 600 Mpa (Molina and others
2001). This was attributed to aggregation of the proteins as a result
of pressure-induced denaturation. A similar effect also was ob-
served in the case of whey protein isolate (Ibanoglu and Karatas
2001).

Protein-protein interactions play a crucial role in the formation of
protein films at interfaces and in the stabilization of foams and emul-
sions. The excellent foaming properties of egg albumen are attribut-
ed to interactions between 5 major protein components of egg albu-
men at the air-water interface (Poole and others 1984). The fact that
the foaming properties of individual protein components of egg al-
bumin are poor compared with the composite mixture suggests that
specific protein-protein interactions play an important role in this
system. It has been proposed that electrostatic interaction of the
positively charged lysozyme with other negatively charged proteins
of egg white at the interface stabilizes the foam (Poole and others
1984; Clark and others 1988). However, competitive adsorption of the
5 major protein components of egg white at the air-water interface
showed that while at 0.002 ionic strength all 5 components could
adsorb to the interface, at 0.1 M ionic strength only ovalbumin and
ovoglobulins were able to adsorb and the other 3 components, that
is, lysozyme, ovotransferrin, and ovomucoid, were excluded from the
interface (Damodaran and others 1998). Thus, the detrimental effect
of sodium chloride on the stability of egg white foam (Poole and oth-
ers 1984) could be attributed to inhibition of lysozyme adsorption
and other compositional changes in the protein film at the interface.

The interfacial properties of proteins can be improved by mixing
proteins that complement each other in terms of various molecular
properties required to create a stable foam or emulsion. In this re-
spect, addition of basic proteins, such as lysozyme and clupeine, to
acidic proteins at appropriate ratio might be a promising strategy
(Poole and others 1984). However, while this strategy may work with
some proteins, it may not be effective with others (Poole 1989). Mix-
ing of caseins with other globular proteins, such as whey proteins
and soy proteins, may also improve the stability. In this case, while
the loops of caseins protruding into the aqueous phase can be ex-
pected to provide steric stability, the globular protein may impart
viscoelasticity to the protein. Likewise, mixers of native and limitedly
polymerized proteins (as shown in the case of whey protein isolate
(Zhu and Damodaran 1994a) may also be a strategy worth pursuing.
However, because competitive adsorption occurs between proteins
in a mixture, the concentration ratio of the proteins in the bulk phase
would impact the composition in the interfacial film. This needs to be
optimized for each mixed proteins system.

The emulsifying and foaming properties of proteins can be im-
proved using appropriate chemical modification strategies. Im-
provements in functionality occur potentially via 2 mechanisms:
First, chemical modification induces structural changes in proteins
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at the secondary, tertiary, and quaternary structural levels, and
second, it alters the hydrophobicity-hydrophilicity balance. Sever-
al chemical modification strategies, including acylation using acetic
and succinic anhydrides, phosphorylation using phosphorous ox-
ychloride (POCl3) or sodium trimetaphosphate (STMP), sulfitolysis
using sodium sulfite, alkylation using N-hydroxy succinimidyl es-
ters of fatty acids, and amino-carbonyl reaction (Maillard reaction)
with reducing sugars, have been reported (Kato 2002; Schwenke
1997; Damodaran 1996). Of these strategies, phosphorylation and
amino-carbonyl reactions (Kato 2002) seem to be more preferable
than the others on the basis of nutritional safety of the modified
proteins. Many food proteins, for example, caseins and ovalbumin,
are phosphylated proteins, and chemical phosphorylation does not
adversely affect the nutritional value and safety of proteins (Da-
modaran 1996). The initial product of the carbonyl-amine reaction
between a reducing sugar and the amino groups of proteins is the
Schiff base, which is acid labile. Thus, under conditions that do not
accelerate nonenzymatic browning, the modified lysine residues
might be bio-available as the Schiff base is hydrolyzed in the acidic
stomach. A stable glycosylated protein can be obtained when the
Schiff base is reduced using a reductant. Polyphenol-mediated
protein-protein cross-linking in situ in adsorbed protein films in
foams has been shown to significantly improve the stability of the
foam (Sarker and others 1995). Conjugation of 
-lactoglobulin with
carboxymethyl dextran and other cationic saccharides has been
shown to improve its emulsifying properties (Hattori and others
1994, 2000). Sulfhydryl-disulfide interchange reaction in adsorbed
films at interfaces leads to polymerization and formation of a highly
viscoelastic film. This enhances emulsion and foam stability (Dick-
inson and Matsumura 1991; Monahan and others 1993; Damoda-
ran and Anand 1997). Introduction of thiol groups in s1-casein,
which is devoid of cysteine residues, has been shown to significant-
ly increase the foam stability (Okumura and others 1990). Thus,
thiolation of cysteine-deficient proteins, such as soy proteins might
improve their foaming and emulsifying properties.

The major limitations of chemical modification to improve func-
tionality of proteins are the economics as well as the nutritional
safety of the derivatized proteins.

Enzymatic modification is a promising approach to improve the
foaming and emulsifying properties of proteins. Although a num-
ber of enzymatic modifications can be envisaged, the most practi-
cal ones are the hydrolysis and polymerization reactions. Limited
enzymatic hydrolysis of proteins using proteases, such as pepsin,
trypsin, chymotrypsin, and other nonspecific proteases, often in-
creases the emulsifying activity index and produces smaller oil
droplets than the intact protein (Huang and others 1996). However,
highly hydrolyzed proteins produce very unstable emulsions and
foams (Nielsen 1997). Another promising enzymatic approach is
controlled polymerization of proteins using transglutaminase. Sev-
eral studies have shown that transglutaminase catalyzes homopo-
lymerization of several proteins and the functional properties of
the polymerized proteins are distinctly different from those of the
native proteins (Ikura and others 1980; Motoki and others 1984,
1987a; Nio and others 1986; Liu and Damodaran 1999; Babiker and
others 1996). It has been shown that although the emulsifying ac-
tivity index of 
-casein decreased with the extent of polymeriza-
tion, emulsion stability increased with increasing degree of poly-
merization (Liu and Damodaran 1999). Mixing of polymerized

-casein with monomer 
-casein increased the emulsion stability
with increasing percentage of polymerized 
-casein in the mixture,
confirming that the polymerized 
-casein imparts better steric sta-
bilization than the native 
-casein. Heterologous cross-linking
between 2 different proteins by transglutaminase also has been

reported; however, there is no convincing evidence that this actu-
ally occurs in the protein systems studied (Motoki and others
1987b; Kurth and Rogers 1984). In fact, a comprehensive study on
several pairs of globular proteins has shown that while certain pairs
of proteins can form heterologous polymers, most of the proteins
pairs cannot (Han and Damodaran 1996). It has been hypothe-
sized that this inability to form heterologous cross-linking might be
related to incompatibility of mixing of the proteins in the active site
of the enzyme. Further research is needed to improve the efficien-
cy of heterologous polymerization of proteins by transglutaminase.

A long-term objective of research in this area should be genetic
modification of plant proteins to improve their functional proper-
ties, especially the foaming, emulsifying, and gelling properties.
Protein engineering is often used by biochemists to elucidate struc-
ture-function relationship of enzymes. This approach has been
successfully employed to improve thermostability, to alter temper-
ature and pH optima, and to change substrate specificities of en-
zymes. Application of this technique to improve the functional
properties of food proteins is in its infancy. In one of the earliest
studies, it has been shown that the foaming and emulsifying prop-
erties of tryptophan synthase -subunits improved significantly
when a glutamate residue at position 49 was substituted by isole-
ucine and phenylalanine (Kato and Yutani 1988). The surface activ-
ities of the 6 mutants studied showed a good correlation with the
free energy change for unfolding in water. Deamidation of hen
egg-white lysozyme at positions 103 and 106 by site-directed mu-
tagenesis also significantly improved surface activities of mutant
lysozymes compared with the wild-type (Kato and others 1992).
Significantly, although the surface activities of the mutants and the
wild-type were different, the free energy changes of unfolding of
the mutants and the wild-type were almost the same, suggesting
that properties other than structural stability may influence sur-
face activities of proteins. Significant advances in genetic modifi-
cation of soybean proteins and other proteins are being made to
improve their functional properties in food systems (Kim and others
1990; Utsumi and others 1993, 2002; Adachi and others 2004; Mom-
ma and others 2000).

Molecular flexibility is a quintessential factor for the surface
activity of proteins. This is borne out of the fact that of all the mo-
lecular properties of 19 different proteins investigated, only molec-
ular flexibility showed a linear correlation with their surface activ-
ities at the air-water interface (Razumovsky and Damodaran
1999a). Thus, any genetic engineering approach to improve the
functional properties of proteins, especially plant proteins, should
involve judicious selection of regions of the native protein which,
when mutated, would potentially increase the flexibility of the pro-
tein. The interior core of plant proteins typically is made of 
-bar-
rel-type structure (Lawrence and others 1994; Adachi and others
2003). The high thermal stability of the legume proteins might be
attributable to this 
-barrel core. Thus, single residue mutations or
cassette mutations at appropriate locations in the 
-barrel core
might produce mutants with high molecular flexibility. It should be
pointed out that 
-lactoglobulin variants A and B, which differ by
only 2 amino acid residues at positions 64 and 118 in their amino
acid sequences, show significant difference in their surface activ-
ity (Mackie and others 1999b). Thus, it is quite possible to signifi-
cantly alter the physicochemical properties of proteins by targeting
mutations at specific locations in proteins.
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