
Abstract

Davis, Jack Parker.  The effects of NaCl, CaCl2, lactose and pH on the foaming

properties of whey proteins.  (Under the direction of Dr. E. Allen Foegeding)

Common and important cosolutes of whey proteins include NaCl, CaCl2 and lactose.  The

foaming properties of whey proteins as affected by these cosolutes were investigated: 1)

indirectly, by characterizing the short time adsorption behavior of β-lactoglobulin (β-Lg)

at different pH levels (3.0, 5.0 and 7.0) and cosolute concentrations (0 to 400 mM) via

pendant drop tensiometry and 2) directly, by measuring bulk foaming properties (yield

stress and overrun) of whey protein isolate foams as affected by CaCl2 and NaCl at pH

3.0 and 7.0.

In the first study, the dynamic surface tension of β-Lg under the various conditions was

monitored for 20 min with a 2 s resolution.  For all treatments, two distinct regions of

protein adsorption were observed: 1) an initial rapid and nonlinear decrease in surface

tension (0 to ~250 s) followed by 2) a more gradual, linear decrease in surface tension

(~250 to 1200 s).  The rate of decline for the second region was very similar for all

treatments and no treatment had reached equilibrium by 1200 s.  Therefore, the final

values of surface tension for any treatment depended mainly on the processes occurring

during the first ~250 s.  In low salt (≤ 0.01 M CaCl2 or NaCl) environments, the initial

rate of adsorption was greatest for all treatments at pH 5.0, which is near the isoelectric

point (pI) of 5.2 for β-Lg, due to a minimum electrostatic energy barrier at the

air/aqueous interface.  At pH levels above (pH 7.0) and below (pH 3.0) the pI of β-Lg,



the initial adsorption was significantly slower.  In the presence of 0.1 M salt (CaCl2 or

NaCl), pH did not significantly affect protein adsorption, while at 0.4 M salt (CaCl2 or

NaCl), the acidic form of the protein adsorbed most rapidly.  At a constant pH of 3.0 or

7.0, the addition of either NaCl or CaCl2 at levels up to 0.1 M increased the initial rate of

adsorption due to a reduction of the electrostatic barrier to protein adsorption.  The effect

of lactose concentration was minimal.

For the second study, the addition of CaCl2 or NaCl (0 to 400 mM) progressively

increased the yield stress of 10% WPI foams at pH 7.0, and magnitudes of yield stress

were significantly higher for CaCl2 when compared to equivalent concentrations of NaCl.

At pH 3.0, neither salt at any concentration significantly affected yield stress; however,

overrun was generally higher at pH 3.0 as compared to pH 7.0.  The relationship between

overrun and surface tension with yield stress as predicted by a previously described

theoretical model did not hold for this data.   Specific divalent cationic effects were

thought to be partially responsible for improved yield stress values.  Dynamic surface

tension measurements of the foaming solutions lent credence to this ion specific

hypothesis.



The Effects of NaCl, CaCl2, Lactose and pH on the
Foaming Properties of Whey Proteins

by

Jack P. Davis

A thesis submitted to the Graduate Faculty

of North Carolina State University

in partial fulfillment of the requirements

for the Degree of Masters of Science

Department of Food Science
Raleigh

2001

Approved by:

E. Allen Foegeding, Ph.D.   Brian Farkas, Ph.D.

Chair of Advisory Committee

   Jan Genzer, Ph.D.



ii

Biography

Jack Parker Davis was born February 26, 1976 in Milledgeville, GA.  He was raised in

Fort Valley, GA where he proudly attended Peach County High School.  Upon

graduation, he made the trip to Athens, GA, where he attended the University of Georgia

and majored in Food Science.  In the fall of 1999, Jack moved to Raleigh, NC to begin

his graduate studies in Food Science at NCSU.  On October 30, 2001, Jack’s wife

Jennifer gave birth to their son, Jacob Paul.  Upon completion of his Masters degree, Jack

hopes to pursue a Ph. D. in Food Science.



iii

Acknowledgements
(in order of appearance in my life)

• To my parents, thanks for your unwavering support over the years.  I watched you
both always try to do the right thing, even when it wasn't easy, and now that I'm
older, I realize how special that is.  I love you with all my heart.

• To my Fort Valley friends, thanks for all the wonderful memories.  It was truly a
magical time and place to have grown up.

• To Greg Rose, after my parents, there is no other person that I respect more or
have learned more from…. Don’t Hesitate!

• To my Athens friends, thanks for such an enlightening and fun ride.  Go Dawgs!!

• To Jennifer, thanks for all the special memories that we've already shared
together.  Furthermore, thanks for the numerous personal sacrifices that you've
made for our relationship during this time, especially sticking by me when I get a
little crazy.  I look forward to growing old with you and I love you with all my
heart.

• To the Bentley family, I truly could not have asked for better in-laws.  Thanks for
everything.

• To Dr. Foegeding, firstly, let me thank you for giving me this tremendous
opportunity.  Your patience and trust with me throughout this experience have
been amazing.  You have my utmost respect both as a scientist and as a human
being.

• To the Foegeding lab (all versions), thanks for making this experience so
rewarding.  Every one of you has taught me something about life and broadened
my horizons considerably.

• To Dr. Brian Farkas and Dr. Jan Genzer, thanks for your time and valuable input
while serving on my advisory committee.  It was a pleasure working with both of
you.

• Finally, to my son, Jacob, words aren't appropriate to describe the joy that you
have brought your mother and myself.  I look forward to some great adventures in
the coming years.  All my love, Dad.



iv

TABLE OF CONTENTS

LIST OF TABLES…………………………………………….. vi

LIST OF FIGURES……………………………………………. vii

LITERATURE REVIEW……………………………………… 1

Introduction…………….…………………………………… 1
Whey and Whey Proteins………………………..…………… 2
Foams……………………………………………….…………... 6

Overview……….………………………………….… 6
Experimental Aproaches……………………………….. 9

General Surfactant Theory………..……………………….….          11
Introduction……………….……………………………           11
Protein……….………………………………………. 13

Interfacial Rheology…………………………………………..   18
Extrinsic Factors……………………...………………….…….. 20

Introduction………………………………………..…         20
pH………………………………………………….. 21
NaCl...………………………………………..…….. .         22
CaCl2…………..…………………………………… 23
Sugars…..…………….………………………….….. 25
Lipids…….……………………………………………..…… 25

References………………………………..………………………..… 27

CHAPTER 1. THE PENDANT DROP TECHNIQUE AS APPLIED TO
PROTEIN ADSORPTION AT THE AIR/WATER INTERFACE

Introduction………………………..……………………… 32

Methods……………………………………..……………. 34

Discussion………………………..………………………..           35

Conclusion………………………..……………………….. 37

References…………………………..……………………… 38



v

Chapter 2. CHARACTERIZATION OF THE SHORT-TIME
ADSORPTION OF β-LACTOGLOBULIN AT THE AIR/WATER
INTERFACE AS AFFECTED BY NaCl, CaCL2, LACTOSE AND pH

Introduction………………………..…………………….… 40

Materials……………………………………..……………. 43

Methods….………………………..………………………..          44

Results and Discussion………………………..………...……          45

Conclusions…………………………..……………………..   50

References..…………………………..……………………..   51

Chapter 3. ELECTROSTATIC EFFECTS ON THE YIELD STRESS OF
WHEY PROTEIN ISOLATE FOAMS

Introduction………………………..…………………….… 61

Materials and Methods………………………………….……          63

Results and Discussion….………………………..………...… 65

Conclusions…………………………..……………………..   70

References..…………………………..……………………..   71



vi

LIST OF TABLES

Chapter 2.

TABLE 1− The surface tension of 100 mM β-Lg solutions at different times:

The effects of NaCl at three different levels of pH……………. 57

TABLE 2− The surface tension of 100 mM β-Lg solutions at different times:

The effects of CaCl2 at three different levels of pH……………. 58

TABLE 3− The surface tension of 100 mM β-Lg solutions at different times:

The effects of lactose at three different levels of pH……………. 59



vii

LIST OF FIGURES

CHAPTER 2

FIGURE 1− Dynamic Surface Tension - the effects of pH and NaCl………….....54

FIGURE 2− Dynamic Surface Tension - the effects of pH and CaCl2……………55

FIGURE 3− Dynamic Surface Tension - the effects of pH and lactose…………...56

CHAPTER 3

FIGURE 1− Yield Stress and Overrun for 10% protein (WPI) foams

the effects of NaCl at pH 3.0………………………….…………73

FIGURE 2− Yield Stress and Overrun for 10% protein (WPI) foams

the effects of NaCl at pH 7.0………………………….…………74

FIGURE 3− Yield Stress and Overrun for 10% protein (WPI) foams

the effects of CaCl2 at pH 3.0………………………….……...….75

FIGURE 4− Yield Stress and Overrun for 10% protein (WPI) foams

the effects of CaCl2 at pH 7.0………………………….……...….76

FIGURE 5− Dynamic Surface Tension - NaCl  (water and salt dilutions)…..….….77

FIGURE 6− Dynamic Surface Tension - CaCl2 (water and salt dilutions)……..…..78



1

Literature Review

Introduction

A foam is broadly defined as a coarse collection of gas bubbles dispersed within an

aqueous or solid continuous phase (Dickinson, 1992).  Foams have a diverse range of

applications, which include insulating materials, fire retardants and shaving creams.

However, mankind most commonly encounters foams in his food.  Traditionally, aerated

foods have represented the height of culinary art.  A few examples include such

consumer favorites as ice cream, soufflés, mousses, beer, champagne, and whipped

creams, just to name a few.  Currently, aeration is one of the fastest growing unit

operations within the food industry (Campbell and Mougeot, 1999).  However, as food

scientists seek to exploit this tremendous appeal, it is often found that the detailed,

quantitative understanding of aerated foods is not present (Campbell and Mougeot,

1999).   While foams are most often deliberately created within the food industry, there

are many specific food processing steps in which foams are undesirable (Wilde and

Clark, 1996).  Therefore, an understanding of the principles governing both foam

formation and stabilization is necessary for their efficient creation and/or destruction.

As a two-phase system, foams are inherently unstable.  Their formation and subsequent

stability would be transient at best if it weren’t for the presence of surfactants, which are

simply defined as molecules that have a strong affinity for phase boundaries (Walstra,

1996).  One of the two general classes of food surfactants is protein.  Proteins are

polymers of amino acids that contain a variety of polar, nonpolar and charged residues,

making them not only highly surface active but also highly reactive with most common
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food components such as other proteins, lipids or ions (Prins et al., 1998; Dickinson,

1999).  Therefore, if one is to truly understand the properties of protein-based food

foams, one must first understand the behavior and interactions of proteins both at the

interface and in the bulk phase.

Whey proteins are often utilized in the formation and stabilization of food foams (Leman

and Kinsella, 1989; Bryant and McClements, 1998).  Common nonprotein components of

whey and whey protein ingredients include lactose, lipids and minerals.  It is

hypothesized that if one understands how these nonprotein components alter the various

whey proteins, than their amounts in whey protein ingredients could be optimized for

specific foaming applications.  A survey of the scientific literature pertinent to this

hypothesis and whey proteins in general follows.

Whey and whey proteins

Whey is the general term given to describe the watery fraction of milk released from the

curd during the preparation of cheese.  Although whey proteins possess excellent

functional properties, their concentration within the whey is approximately 0.6% (w/v),

which is too low for their use in most commercial applications (Mulvihill, 1991).

However, technological advances such as ultrafiltration have made it economically

feasible to concentrate and exploit this valuable substance (Swaisgood, 1996; Wong et

al., 1996).
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Whey protein ingredients can be purchased in different forms, with the most prevalent

being whey protein concentrate (WPC) and whey protein isolate (WPI) (Morr and

Foegeding, 1990).  Both ingredients are powders formed via the reduction of non-protein

components and subsequent drying of whey.  There are several methods used industrially

to selectively concentrate whey proteins with the most common being ultrafiltration.

During ultrafiltration, the low-molecular weight components of whey, such as lactose and

minerals, are removed with water in the permeate, while the proteins are concentrated in

the retentate.  Protein content of WPCs ranges from 25 to 90% (Dairy management

incorporated, 2002).  By definition, whey protein isolates contain greater than 90%

protein.  Technologies such as ion-exchange adsorption are required to obtain these

higher protein levels.  Additionally, impurities such as lipids, lactose and minerals are

present in smaller quantities in WPI’s as compared to WPCs.  The amino acid

composition, sequences, and structural characteristics of the major whey proteins, β-

lactoglobulin, α-lactalbumin, and Bovine Serum Albumen are well characterized

(Kinsella and Whitehead, 1989; Swaisgood, 1996).

Bovine β-lactoglobulin (β-lg) is the major protein of whey and the best characterized of

all food proteins (Kinsella and Whitehead, 1989; Swaisgood, 1996).  This globular

protein is comprised of 162 amino acids and exists as at least five different genetic

variants, with the most common forms being designated A (MW 18,362) and B (MW

18,276) (Eigel et al., 1984; Wong et al., 1996).  These two differ by two amino acid

positions, Asp64 and Val118 in Variant A are replaced by Gly64 and Ala118 in Variant B

(Braunitzer et al., 1973).  β-lactoglobulin possesses two disulfide linkages (Cys66-Cys160
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and Cys106-Cys119) and one free thiol group (Cys121) (Papiz et al., 1986). This thiol group

displays increased reactivity at pH values greater than 6.5 and can be involved in thiol-

disulfide interactions (Kinsella and Whitehead, 1989).  Additionally, at pH values greater

than 7.5, a highly reactive carboxyl group becomes exposed (Tanford et al., 1959).  From

circular dichroism and infrared spectroscopy, Creamer et al. (1983) reported the

secondary structure to be approximately 15% α-helix, 51% β-sheet, 17% reverse turn,

and 17% aperiodic structure.

As a globular protein, many of the hydrophobic portions of β-lactoglobulin are buried

within its interior, which reduces extensive aggregation and/or interaction with other

proteins (Swaisgood, 1996).  Papaz et al. (1986) described the three dimensional structure

of β-lactoglobulin in detail from X-ray crystallography studies at 2.8 Å.  At its core is an

eight-stranded, antiparallel β-barrel in the shape of a flattened cone where the interior is

rich in hydrophobic amino acids and the opening is lined with hydrophilic amino acids.

This hydrophobic core is capable of binding apolar ligands such as retinol (Fugate and

Song, 1980).  The strong similarity between β-lactoglobulin and human retinol-binding

protein, coupled with the ability to bind small hydrophobic ligands, suggests that β-lg's

biological function involves vitamin A transfer (Papiz et al., 1986).

The quaternary structure of β-lactoglobulin is sensitive to both heat and pH.  Its

isoelectric point is ~5.2, and in the pH range of 3.5 to 5.1 the molecule primarily exists as

an octamer.  As the pH increases above the isoelectric point, β-lg dissociates into dimers

up to about pH 7.5 (Pessen et al., 1985).  Around pH 8.0, β-lactoglobulin exists as a
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monomer and above pH 9.0 the protein undergoes irreversible denaturation (Wong et al.,

1996).  Above 65 ºC, β-lg undergoes a time-temperature dependent denaturation, which

is accompanied by extensive conformational transitions that expose highly reactive

nucleophilic groups previously buried in hydrophobic regions (Kinsella and Whitehead,

1989).  Heat denaturation of β-lg is pH dependent, as the protein is most sensitive at pH

4.0 with a maximum stability at pH 6.0 (Wong et al., 1996).

α-lactalbumin (α-LA) is the second most prevalent protein in whey, accounting for

roughly 25% of the whey protein (Kinsella and Whitehead, 1989).  This compact,

globular protein strongly binds calcium and in vivo is naturally involved in the biological

synthesis of lactose.  It has a MW of 14,147 for variant A and 14,175 for B (Brew and

Grobler, 1992).  Its primary structure has been established and there are many similarities

between α-LA and lysozyme (Nitta and Sugai, 1989).  The protein has an ellipsoid shape

with two distinct lobes divided by a cleft where one lobe is comprised of four helices and

the other loop is comprised of two β-strands with a loop-like chain (Acharya et al.,

1989;Wong et al., 1996).  α-LA has no free thiol groups and four disulfide bonds, which

limit its conformational flexibility in certain solvent conditions (Brew and Grobler,

1992).

From a functionality standpoint, the behavior of β-lg is known to dominate whey protein

ingredients, especially those with higher protein contents such as WPI’s and some WPC’s

(Kinsella and Whitehead, 1989).  The concentration of α-LA in these ingredients is high

enough to consider its contribution to their functionality.  The combined concentration of
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bovine serum albumen and the other minor whey proteins within whey protein

ingredients is so low (~5%), that they usually aren’t considered from a functionality

standpoint.

Foams - Overview

A foam is broadly defined as a coarse collection of gas bubbles dispersed within an

aqueous or solid continuous phase (Dickinson, 1992).  Foams can be formed by a number

of different means with a few common examples being the whipping, sparging or shaking

of aqueous solutions.  As previously mentioned, foams owe their formation and much of

their subsequent stability to surfactants.  In food foams, these surfactants are often

proteins, usually derived from egg white, soy or milk (Walstra, 1996).  Surfactant

behavior will be discussed in greater detail later, but the essentials are as follows: During

the production of a foam product, surfactants within the continuous phase spontaneously

adsorb at the air/gaseous interface. This lowers surface tension, which in turn allows for

easier bubble formation (Wilde, 2000).  The ease of foam formation with the desired

distribution of gas bubbles is one of two important functional properties of food

surfactants, and the loose term “foamability” is often given to this property (Wilde and

Clark, 1996).  This is of obvious importance on an industrial scale in which time and

energy translate directly to the costs of a product.  On a molecular level, this is most

related to the surfactant's capacity to rapidly adsorb at the gaseous/aqueous interface and

lower surface tension (Wilde, 2000).

The second important functional property of a foam surfactant is its capacity to maintain

foam stability after its formation.   For proteins, it is often reported that foam stability
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depends on the protein’s capacity to unfold at the interface and interact with one another

forming a viscoelastic network around the gas bubbles (Dickinson, 1999).  Foam

instability can occur via creaming/drainage, disproportionation and/or coalescence;

however, it's rarely mentioned what type of stability the protein interfacial network is

contributing towards (Prins et al., 1998).  It's also important to note that these foam

instability mechanisms aren't independent, but are known to interact in a complicated

way. For example, drainage increases both coalescence and disproportionation, while

disproportionation increases drainage (Prins et al., 1998).

Disproportionation is the diffusion of gas from smaller bubbles through the continuous

phase into larger bubbles.  Overall, disproportionation is probably the most important

type of instability in foams (Dickinson, 1992).  The driving force is the pressure

difference due to the difference in bubble sizes as defined by the Laplace equation.

According to the Laplace equation, the pressure difference (∆P) over a curved interface

of a bubble is proportional to the surface tension (γ) and inversely proportional to the

radius (r):

∆P = 2γ/r                                                                       (1)

This equation reveals that the driving force of disproportionation is reduced as the surface

tension is reduced.

Assuming that gas transport takes place by diffusion through the continuous phase, the

change in radius, r, of a small bubble with respect to time, t, is given by

r2 = r0
2 – (4RTD1S∞γ/pλ)t                                                   (2)
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Where r0 is the bubble radius at t = 0, D1 is the diffusion coefficient of the gas in the

liquid, S∞ is the gas solubility at a planar interface (r → ∞ ), p is the pressure, and λ is the

distance over which gas diffuses from the small bubble to one with an infinite radius of

curvature (Dickinson, 1992).  However, this equation does not assume the presence of

surfactants, which complicates the situation because the surface tension, γ, of a shrinking

bubble is less than the assumed equilibrium value.  The change in surface tension with

decreasing bubble size can be described by the surface dilational viscosity, κ, which is

defined as:

κ = dγ/(dlnA/dt)-1      (where A is equal to area)                                (3)

Essentially, as the magnitude of κ increases, it becomes harder for the bubble to shrink by

disproportionation.  Therefore, protein films with high dilational viscosities are very

effective at stabilizing foams against disproportionation (Benjamins and Lucassen-

Reyenders, 1998).  Unlike the essentially irreversible adsorbed protein molecules, simple

soap-like surfactants rapidly desorb over the time scales of bubble shrinkage, resulting in

very low values of κ (Prins, 1998).  Therefore, foams made from these simple surfactants

are very susceptible to breakdown due to disproportionation.  Disproportionation can be

further retarded by keeping the bubble distribution as narrow as possible and using a gas

that is sparingly soluble in the aqueous phase (de Koster and Weterbeek, 1991).

Creaming is simply the rise of bubbles as explained by Stoke’s law, which states that the

creaming velocity (v) of an isolated particle (gas bubble) in a solution depends on the

radius of the particle (r), the viscosity of the continuous phase (η0), and the difference in
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density between the particle (ρ) and continuous phase (ρ0) by the following relationship

(Dickinson, 1992):

v = 2r2(ρ0 -ρ)/9η0                                                          (4)

The bubble velocity during creaming also depends on the air phase volume (φ) of the

foam.  At values of φ ≥ ~65%, the spherical bubbles can not rise undisturbed, and they

will form a packed bubble layer.  Thus, as the creaming rate slows, it becomes hard to

distinguish between it and foam drainage (Prins et al., 1998).  Like disproportionation,

bubble velocity during creaming is also known to depend on the surface dilational

viscosity (Prins et al., 1998).  Furthermore, examination of the Stokes equation reveals

that the viscosity of the continuous phases strongly contributes to foam stability.

Coalescence is the actual film rupture between two bubbles.  Coalescence depends on the

physical properties of the foam films and their surfactants.  Proteins tend to form a strong

viscoelastic network thus resisting coalescence.   In contrast, simple soap-like surfactants

stabilize films against coalescence via the Gibbs-Marangoni mechanism.  This

mechanism depends on the surfactant's capacity to rapidly diffuse laterally towards thin

regions in the film, against the gradient in surface tension.  As these surfactants laterally

diffuse, they sweep a layer of interlamellar liquid along with them into the thin part of the

film, which serves to thicken it (Wilde and Clark, 1996).

Foams - Experimental Approaches

Foams are inherently difficult structures to study, due to their complex, delicate and

unstable nature.  However, physical measurements of foams such as overrun, bubble
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distribution and stability are common, and they provide a useful means for foam

comparison.  Wilde and Clark (1996) classify these types of measurements as “direct.”

Foams can be formed by a number of different means with a few common examples

being the whipping, sparging or shaking of aqueous solutions.  However, research

methods of foam production based on whipping best relate to industrial processes

(Halling, 1981).  A standard method for measuring and comparing food foams has been

developed by Phillips et al. (1990) that is based on whipping, in which overrun is

calculated by density measurements and stability is measured via drainage rates.

Sparging is rarely used in the industry, but it does have some advantages in a research

setting.  These are that fixed volumes of specific gases can be delivered at specific flow

rates over specific time-frames (Wilde and Clark, 1996).  Another method for directly

measuring foaming properties is the sealed column technique (Yu and Damodaran,

1991).  In this method, a foam is formed (sparged) in a closed system, and the pressure in

the system is measured as the foam bubbles collapse.  Theoretically, the change in

pressure of the system is directly proportional to the change in surface area of the foam,

and these changes are related to foam stability.

Unfortunately, direct measurements of foams provide little insight into the actual

physicochemical properties involved in foam formation and stability.  To best understand

protein-foaming mechanisms, high-resolution studies of extremely purified and

simplified protein systems, which have little resemblance to any type of food, are usually

required (Wilde and Clark, 1996).  These indirect approaches most often involve the

monitoring of protein adsorption at macroscopic interfaces using a wide variety of
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techniques.  Both dynamic and static interfacial tension measurements are common, and

there are a variety of techniques, including those with probes (Du Nouy ring and

Wilhelmy plate) and those without (pendant drop technique) (Dickinson, 1992).

Compression/expansion and shear of interfaces by a variety of techniques is used to study

interfacial rheological properties.  Interfacial rheology will be discussed in more detail

later.

Therefore, it logically follows that the most useful approach to understanding food foams

is a combination of direct and indirect studies on the same material.  What follows is a

discussion of both types of experimental approaches as they have been applied to whey

proteins, with a special emphasis on the predominant whey protein, β-lactoglobulin.

General Surfactant Theory - Introduction

Both foam formation and stability are primarily dependent on the behavior of surfactants.

Surfactants are simply defined as substances that have a strong affinity for phase

boundaries.  When present in solution, these amphipathic molecules spontaneously

adsorb by orienting their polar portions in the aqueous phase and their apolar portions in

the gaseous or lipid phase for foams and emulsions respectively (Dickinson, 1992).  At

phase boundaries, there exists an excess of free energy that can be quantified in joules

(N*m) per square meter (m2) or N/m.  For deformable interfaces such as the

aqueous/gaseous or aqueous/lipid, this surface energy manifests itself as a two-

dimensional interfacial tension that is also expressed in N/m (Walstra, 1996).  The term

surface tension is commonly applied to the aqueous/gaseous interface, and the surface
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tension of pure water at 20° C is approximately 72.8 mN/m (Davies and Rideal, 1963).

This tension acts in the direction of the interface and resists its enlargement (Walstra,

1996).  Surfactant adsorption reduces interfacial tension, and this alone allows for the

initial formation of the tremendous amount of interfacial area that is a characteristic of

both foams and emulsions (Wilde, 2000).

In general, there are two types of food surfactants. The first are small MW surfactants,

which are simple, soap-like molecules with little or no tertiary structure.  For simplicity’s

sake, small MW surfactants will be referred to as “simple surfactants” from this point

forward.  Typically, the hydrophobic portion of simple surfactants is an aliphatic side

chain, while the hydrophilic portion of the molecule varies considerably with positive,

negative or neutral charge moieties being common (Walstra, 1996).  Common examples

include phospholipids, monoglycerides and synthetic surfactants such as TWEENS and

SPANS.  When present in excess, simple surfactant adsorption results in equilibrium

surface tension values that are very low, usually around 30 mN/m (Prins et al., 1998).

This is one of the several pronounced differences between the adsorption behavior of

simple surfactants and the other important class of food surfactants, proteins.  Proteins

are polymers of amino acids that contain a variety of polar, nonpolar, charged and

uncharged residues, making them not only highly surface active but also highly reactive

with most common food components such as other proteins, lipids or ions (Prins et al.,

1998; Dickinson, 1999).  Typical equilibrium surface tension values resulting from

protein adsorption are around 45 mN/m (Prins et al., 1998).
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General Surfactant Theory – Protein

Protein adsorption is thought to occur in three general steps, which are transport from the

bulk phase to the interface, insertion into the interface and finally a slow unfolding of the

protein structure coupled with the potential for lateral interactions with other proteins

(Wilde and Clark, 1996).   This is an extreme generalization of protein adsorption, and

the specifics of each step will now be discussed in relation to the adsorption properties of

β-Lg.

Diffusion and convection are the primary means by which a protein (any surfactant)

arrives at an interface, meaning a prerequisite for surfactant adsorption is its solubility.

Hydrolysis of whey proteins is often reported to produce ingredients that deliver superior

interfacial functional properties as compared to their unmodified counterparts (Singh and

Dalgleish, 1998).  Hydrolyzates are generally more soluble over a wider range of

environmental conditions, such as pH and ionic strength, which explains some of the

their improved adsorption properties (Turgeon et al., 1991).  Furthermore, smaller

proteins or protein fragments arrive at the interface more rapidly, due to their larger

diffusion coefficients.  Thus, another potential explanation for hydrolyzate’s improved

interfacial behavior is simply that they adsorb more rapidly than the larger whole proteins

(Wilde and Clark, 1996; Althouse et al., 1995).   Along these same lines, the adsorption

of simple surfactants is known to be more rapid than proteins.

Once at the interface, the primary force that anchors the protein (any surfactant) is

hydrophobic in nature.  This is the simultaneous dehydration of the hydrophobic interface
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(gaseous or oil) and the hydrophobic surface portions of the surfactant (Dickinson, 1986).

Structured water molecules around these hydrophobic areas are released upon adsorption

resulting in a large entropic gain for the system.  To this end, surface hydrophobicity of

proteins has been linked with both rapid protein adsorption and foaming properties

(Townsend and Nakai, 1983; Kato and Nakai, 1980; Wilde and Clark, 1996).  However,

the average surface hydrophobicity of a protein does not seem to be as important as the

existence of distinct hydrophobic patches on the protein’s surface (Razumovsky and

Damodaran, 1999; Turgeon et al., 1992).

Once anchored at the interface, proteins tend to unfold as they seek a more energetically

favorable confirmation, and this is the primary difference between protein and small MW

surfactant adsorption, as the latter experience little to no change in structure (Prins,

1998).  The degree of rearrangement depends on the surface pressure (Π) of the interface

and the intrinsic confirmation of the protein prior to adsorption.   Π is simply defined as

the net reduction in interfacial tension (γ0 − γ). Therefore, if the surface pressure is high,

i.e. there are many surfactants already at the interface, a newly arriving protein will

unfold to a lesser degree than a protein that adsorbs at an empty interface (Wustneck et

al., 1996).

It is intuitive that a protein’s bulk confirmation, namely its molecular flexibility, should

affect its capacity to unfold at the interface.  Solid experimental evidence for this was

provided by the often cited research of Graham and Phillips (1979a,b,c), who in a series

of experiments simultaneously monitored Π and surface concentration (Γ) of three
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conformationally distinct proteins (Bovine Serum Albumen, β-casein and lysozyme).

Γ was monitored by counting radiolabeled proteins, and Π was monitored via a Wilhelmy

plate.  Changes in Π and Γ  were shown to occur almost simultaneously for the very

flexible β-Casein, while for the compact, globular protein, lysozyme, the curve for Γ had

reached equilibrium before major changes occurred in Π.  Using the same experimental

approach, Cornec et al. (1999) recently showed the nonlinear relationship between Π and

Γ was significantly greater for β-Lg as compared to α-La.  That is, α-La seemed to have

less conformational restraints as compared to β-Lg.   

Razumovsky and Damodaran (1999) also used the same experimental approach for 39

different radiolabeled proteins (1.5mg/ml) to investigate the role of molecular flexibility

in protein adsorption.  Π  vs.  Γ curves were constructed for each protein and the slope of

the linear portion of these curves was defined as the “surface activity” of the protein. This

value was shown to correlate (r = 0.86) with the adiabatic compressibility of the proteins.

This correlation was justified by realizing that there should be a minimum surface

concentration (Γ0) to lower γ, and after this, the capacity of the protein to unfold should

contribute to its ability to further lower γ.  Of the whey proteins, β-lactoglobulin was

shown to have the highest surface activity.  However, Γ0 was greater for β-Lg (0.62

mg/m2) as compared to α-La (0.47 mg/m2), and the time at which γ began to decrease

(∆t) was greater for β-Lg (25 min) as compared to α-La (16 min).  Interestingly, when

defined in this manner, the disordered β-Casein had a lower surface activity than all the
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major whey proteins.  However, its values for Γ0 and ∆t were 0.48 mg/m2 and 13 min

respectively, which were both quite similar to α-La’s.

Kella et al. (1989) studied the effect of disulfide cleavage on the structural properties of

whey proteins, and how these changes related to surface adsorption, foaming capacity

and foam stability.  WPI was cleaved to varying degrees (0 to 100% over 25% intervals).

Surface pressures of 0.1% solutions were found to increase up to 50% cleavage (~ 16 to

21 mN/m) and then slightly decrease up to 100% cleavage (~ 19.5 mN/m).  Foam

capacity (change in percent overrun from 10 to 15 min) exponentially increased from 0 to

100% cleavage.  Foam stability (drainage) increased up to 75% cleavage, and slightly

decreased at 100% cleavage (similar stability as 25% cleavage).  The researchers

hypothesized that increased adsorption and foaming properties were primarily related to

the greater structural freedom experienced by these modified properties.  Correlation’s

were also found for increasing disulphide cleavage and surface hydrophobicity,

suggesting that cleavage exposed formerly buried hydrophobic groups.  Interpretation of

these results were complicated by the reaction used to cleave each disulphide bond, since

each cleavage resulted in the protein receiving a SO3
2- group.  These highly charged

groups most likely increased the electrostatic energy barrier to adsorption.  This was

speculated to decrease foam stability and surface pressure at cleavages greater than 50%.

It was also noted that tertiary structure had been implicated in foam stability and such a

high level of cleavage might diminish the necessary amount.
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Comparison of the A and B genetic variants of β-Lg further illustrates the sensitivity of

interfacial adsorption to protein structure (Mackie et al., 1999).  These variants differ by

only two amino acids, but the B variant was shown to adsorb more rapidly via surface

tension measurements.  The valine (A) to alanine (B) substitution at residue 118 was

hypothesized to effect adsorption minimally (at least at first), since neither amino acid is

charged, both are hydrophobic, and their location is within the interior of the molecule.

However, the substitution at position 64, aspartic acid (A) to glycine (B) is on the surface

of the molecule.  Variant B therefore has a lower charge and higher hydrophobicity, both

of which were hypothesized to contribute towards its increased rate of adsorbance.

Furthermore, the adsorption of both variants was found to increase when the pH was

increased from 7 to 7.8.  This was explained as an increase in the monomer to dimer ratio

at pH 7.8, since a monomer should adsorb more rapidly.

Unlike small MW surfactants, protein adsorption is essentially irreversible over practical

time frames (Wilde, 2000).  This is because protein desorption requires that all adsorbed

portions simultaneously release, greatly reducing the likelihood of this event (Prins et al.,

1998).  Another important difference between protein and simple surfactant adsorption is

that the maximum molar interfacial concentration is higher for simple surfactants.  That

is, simple surfactants pack in much tighter as compared to proteins (Prins et al., 1998).

Many have attempted to develop mathematical surface equations of state for protein

adsorption.  Well known surface equations developed for simple surfactants (Henry,

Langmuir) do not hold for proteins due to their drastically different adsorption behavior.
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The simplest case to model is that of pure diffusion, which is generally the case in most

experimental situations.  In these situations, protein adsorption has been shown to be

diffusion controlled, but only over very short time frames. This is explained as initially

every protein molecule arriving at the interface adsorbs, but at longer times, surface

pressure and electrostatic energy barriers impede protein adsorption (MacRitchie and

Alexander, 1963a,b,c).  Surface pressure barriers have been discussed previously.

Electrostatic repulsion results when similarly charged proteins concentrate at the interface

and begin to repel one another.  Therefore, the rate of adsorption is usually greatest at a

protein's pi (net neutral charge), and many proteins do display optimal foaming

functionality at their pI's (Halling, 1981).

Interfacial Rheology

During protein adsorption, rearrangements expose previously buried reactive functional

groups, increasing a protein’s potential for interactions with neighboring proteins.

Intermolecular and surface forces can occur via electrostatic interactions, hydration

forces, acid-base interactions, hydrogen bonding and van der Waals interactions (Prins et

al., 1998).  These interactions can lead to a film with measurable rheological properties.

The rheology of interfaces has long been thought to be important to the stabilization of

foams and emulsions, so not surprisingly, the literature in this area is quite extensive

(Wilde, 2000; Murray, 1998).  Dickinson (1999) gave a summary of the basic

mathematical parameters for this subject:

"Two types of surface rheology can be distinguished: shear rheology and dilatational
rheology.  Definitions of surface shear deformational parameters are exact two-
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dimensional analogues of those for elasticity and viscosity in a three-dimensional bulk
system.  That is, for an adsorbed protein layer at a plane interface lying perpendicular to
the z-direction, the surface shear modulus G and surface shear viscosity η are defined by

pxy = Gexy, pxy = ηdexy/dt

where pxy and exy are the surface shear stress and strain components, and t is the time.  In
contrast, the surface dilatational properties (sometimes called ‘dilational’) are directly
related to changes in surface tension γ with area A; so they have no obvious analogues in
the bulk system."

The surface dilatational modulus ε and surface dilatational viscosity κ are defined as:

ε = dγ/(dA/A)-1 = dγ/dlnA,

κ = dγ/(dlnA/dt)-1

Shear rheology is generally more sensitive to differences in film rheological properties as

compared to dilational rheology (Benjamins and Lucassen-Reynders, 1998; Murray,

1998).  β-lactoglobulin has been shown to have a surface shear viscosity that was over a

thousand time greater than β-Casein at neutral pH.  This was attributed to the higher

packing density of the globular protein coupled with stronger intermolecular interactions

as compared to the more mobile β-Casein layer.  The surface dilational modulus is also

higher for β-Lg than β-Casein, but only by a factor of roughly 10 (Dickinson, 1999).

While shear measurements can be more sensitive, dilational rheology is considered more

relevant to the science of foams for two reasons: 1) Foam bubbles are perturbed mostly

by expansion and compression forces.  2) Shear viscosities are very sensitive to the age of

the interface as they continue to increase appreciably as the film ages (many hours),

meaning they may be relevant to the long term stability of foams.   Furthermore, during
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foam formation, adsorption phenomena occur at time scales around 1 millisecond, so

shear measurements are certainly not relevant to the short term stability of foams

(Benjamins and Lucassen-Reynders, 1998).

While there is an abundance of interfacial rheological data dealing with pure protein

films, a firm quantitative link between these studies and the stability of colloidal systems

(if any) has not been established  (Dickinson, 1999).  This point was recently illustrated

in the work of Ipsen et al. (2001), who examined the effects of limited enzymatic

hydrolysis on the interfacial rheology and foaming properties of β-Lg A.    Increasing

hydrolysis steadily decreased the shear elasticity and viscosity values as compared to the

control.  However, the highest foam overrun was found for the sample with maximum

hydrolysis (86%), demonstrating that foam stability was not directly related to increasing

values of interfacial shear elasticity or viscosity values.  A weakness of this study was

that while these rheological values did decrease with increasing hydrolysis, the time

frames at which these maximum values were obtained also changed dramatically.

Limited hydrolysis (19-26%) samples adsorbed more rapidly, thus their maximum

rheological values were also obtained more rapidly.  This highlights some of the

problems previously noted for relating interfacial shear rheological data with bulk

foaming properties.

Extrinsic Factors-Introduction

Like any functional property, the foaming properties of a protein depend on its chemical

and molecular characteristics.  These include but are not limited to its amino acid
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sequence and composition, secondary and tertiary structures, hydrophilic/hydrophobic

surface distribution, net charge/charge distribution and molecular flexibility.   To some

extent, these intrinsic properties can not be changed, but they are strongly affected by

extrinsic factors such as pH, ionic strength, temperature and interactions with other food

components (Zhu and Damodaran, 1994b).   Therefore, it is desirable to understand the

affects of these extrinsic factors to optimize conditions for specific foaming applications.

Extrinsic Factors – pH

The isoelectric point of β-Lg is approximately 5.2.  At a protein’s isoelectric point, the

molecule’s net charge is zero, resulting in increased protein-protein interactions due to

minimal electrostatic repulsion.  Many proteins lose their solubility, but β-Lg retains its

solubility at its pI (Dickinson, 1999).  Proteins that are soluble at their isoelectric points

usually exhibit excellent foaming properties.  This is apparently due to the balance of

charges, which facilitates extensive protein adsorption and subsequently increased

protein-protein interfacial interactions (Phillips et al., 1991).  Several studies have shown

that β-Lg and whey protein ingredients show optimal foaming properties at pH values

near 5.2 (Phillips et al., 1990; Zhu and Damodaran, 1994c).    Phillips et al. (1990)

compared overrun and foam stability for whipped 5% WPI solutions at pH 4.0, 5.0 and

7.0.  Both overrun and stability were optimum at pH 5.0.  Zhu and Damodaran (1994b)

compared 5% WPI solutions from pH 3.0 to 9.0 and they observed two pH optima, 5.0

and 8.5, for both foamability and foam stability.  The optimum at pH 5.0 was explained

as previously described. The optimum at pH 8.5 was attributed to the increased reactivity

of a buried carboxyl group at pH 7.5 (Timasheff et al., 1966), and the exposure and
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ionization of the single thiol group in β-Lg.  This in known to promote rapid

polymerization, which if occurring at the interface, would lead to interfacial properties

with, improved rheological properties (Dickinsion, 1999).

Extrinsic Factors – NaCl

Zhu and Damodaran (1994b) examined the effects of NaCl concentration on the foaming

properties of 5% WPI solutions at pH 7.0 using a sealed column apparatus.  Foamability

decreased as the concentration of NaCl was increased from 0 to 0.08 M NaCl.  Foam

stability was shown to decrease as NaCl concentration was increased from 0 to 0.1 M.

Their hypothesis was that the increased solubility of β-Lg in these NaCl concentrations

(“salting-in” effect) would reduce its propensity to adsorb at interfacial boundaries. Other

foaming studies of globular proteins showed that the addition of up to 0.1 M NaCl

increased both foamability and foam stability (Halling, 1981).

Phillips et al. (1990) found that the addition of either 0.1, 1 or 2 M NaCl did not improve

overrun or foam stability (whipping method) for 5% protein (WPI) solutions at pH 5.0.

Addition of 0.1 M NaCl reduced maximum overrun by 27% and this property was

progressively diminished with higher concentrations (40% reduction for 2 M NaCl).

Foam stability decreased 42, 53 and 36% for 0.1, 1 and 2 M NaCl addition, respectively.

Na2SO4  (structuring anion) at high concentrations (1 M) increased foam stability by 76%

although at the same concentration, overrun was reduced 21%.   Increasing concentration

of Na2SO4 (2 M) further increased foam stability (127% as compared to the control)

although overrun also dramatically decreased.  Addition of NaSCN (chaotropic anion)
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was most detrimental to foaming properties at all concentrations.  These effects would be

expected to be different at pH levels different from the pI, since the molecules net charge

is already zero.

Extrinsic Factors – CaCl2

Calcium is a common nonprotein component of whey and subsequently whey protein

ingredients.  Its concentration in these ingredients is approximately (usually) 0.5%

depending on the ingredient’s preparation history (Karleskind et al., 1995).  Literature

accounts on the affects of calcium on the foaming properties of whey proteins are often

contradictory (Zhu and Damodaran, 1994a).  As calcium concentration increased, Patel

and Kilara (1990) reported improved overrun and stability for 5% WPC foams at pH 7.0.

This was a comparative study of WPC produced from different whey sources, such as

whole milk, skim milk and buttermilk enriched whey.  However, a possible drawback of

this study was that the calcium content only varied from 0.42 to 0.51%.  In contrast,

Richert et al. (1974) reported that the addition of calcium to WPC foams decreased foam

overrun.  Additionally, Karelskind et al. (1995) found no correlation between the foaming

properties of WPC and calcium concentration.  These researchers looked at 5% WPC

foams prepared from six different batches of WPC with calcium concentrations ranging

from 0.05 to 4.19 mg/g.

Perhaps, the most thorough research addressing the effects of calcium on whey protein

foams is that of Zhu and Damodaran (1994a).  5% protein (WPI) solutions at pH 6.8 were

prepared containing known amounts of CaCl2 (0-0.2 M).  The effects of MgCl2 at

identical concentrations were studied for comparison’s sake.  Upon addition of either salt,
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they noted a slow protein aggregation with equilibrium only being reached after 200-400

minutes.  The rate and extent of aggregation increased up to 0.04 M for CaCl2 and then

decreased up to 0.2 M.  MgCl2 exhibited similar concentration effects except the rate and

extent of aggregation was always less.  The foaming properties of these solutions were

examined using a version of the sealed column apparatus (Yu and Damodaran, 1991).

Foams were generated immediately after salt addition, and it was found that foamabiliy

and foam stability were greatest at concentrations of 0.02 to 0.04 M CaCl2.  Above this

concentration, foam stability slightly decreased and there was no noticeable decrease

from 0.1 to 0.2 M.  For magnesium, foam stability increased up to 0.06M and decreased

at higher concentrations.  As compared to the control (no salt), all foams formed in the

presence of these salts had significantly better foamability and stability.  The stability

imparted by calcium was relatively much higher as compared to magnesium at any

concentration.

Due to the previously mention time-dependent aggregation, the amount of aggregation

within the initial solution and its effect on foaming properties were examined.  Solutions

were incubated with the salts for various time periods prior to foam formation.  Foams

that were formed immediately after salt addition exhibited higher foamability and

stability as compared to those foams formed after longer incubation times.  These results

tentatively suggested that bulk protein aggregation adversely affected foaming properties;

however, these same aggregation phenomena improved foaming properties when

occurring after/during foam formation.  The authors hypothesized that the divalent

cations specifically induced polymerization at the interface, which would improve film
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properties.  They ruled out nonspecific ionic affects because there previous work showed

that NaCl decreased foaming properties.

Extrinsic Factors – Sugars

Lactose is present in significant quantities in whey protein ingredients, especially WPC’s

(Modler and Lefkovitch, 1986).  The addition of up to 20% lactose was shown to increase

the foam stability of 5% WPI foams, while foamability did not change (Zhu and

Damodaran, 1994c).  The increase in stability was explained by detected increases in the

bulk viscosity of the foaming solutions.  The addition of sucrose reduced overrun for 5%

WPI solutions but increased foam stability (Phillips et al., 1989).  Sugars such as sucrose

are known to limit protein unfolding (Lee and Timasheff, 1981) which could explain the

decreased overrun in these experiments.  WPC and β-Lg dried in the presence of the

sugar, trehalose, (5:1 sugar/protein) retained foaming properties similar to nondried

controls, whereas protein dried without sugars lost foaming properties (Murray and

Liang, 1999).  Trehalose was chosen because it’s present in nature among species that are

capable of withstanding conditions of very low water activity.

Extrinsic Factors – Lipids

Lipids are well known to be detrimental to protein-based foams, including those made

from whey proteins (Vaghela and Kilara, 1996a,b; Karleskind et al., 1995).  Many lipids

are surface active, and like all simple surfactants, they compete for and can displace

proteins from interfacial boundaries, and this diminishes protein interfacial cohesiveness

resulting in diminished foam stability (Coke et al., 1990).  The competitive mechanisms
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of between β-Lg and a simple surfactant have been shown directly via neutron

reflectivity measurements (Horne et al., 1998).  The study of mixed protein/simple

surfactant systems has received much attention due to its relevance in real food systems.

A recent review by Miller et al. (2000) is extremely thorough in this area.
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Introduction

Within a gravitational field, there are essentially two forces acting on a liquid drop that is

dangling (pendant) from a capillary.  The first is gravity, which tends to elongate the

liquid into a tear drop shape, and the second is the liquid’s interfacial tension, which

tends to minimize the interfacial area by making the drop spherical (Ambwani and

Tomlinson, 1979).  The elongation from gravity increases with increasing liquid density

for a given drop volume, while the spherical tendency increases with increasing

interfacial tension.  Therefore, if the density difference across the drop interface is

known, the interfacial tension can be determined by analysis of the drop shape (Ambwani

and Tomlinson, 1979).  The mathematical framework for this concept begins with the

Laplace equation of capillarity, which relates the pressure difference across a curved

interface to the interfacial tension and the curvature of the interface:

γ(1/R1 + 1/R2) = ∆P                                                   (1)

where γ is the interfacial tension, of which R1 and R2 are the two principal radii of

curvature and ∆P is the pressure difference (Chen et al., 1998).  In the absence of any

other external forces besides gravity, ∆P may be expressed as a linear function of the

elevation:

∆P = ∆P0 + (∆ρ)gz                                                    (2)

where ∆P0 is the pressure difference at a reference plane, ∆ρ is the density difference

between the two bulk phases, g is the gravitational acceleration, and z the vertical height
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of the drop measured from the reference plane (Chen et al., 1998).  Substitution of (1)

into (2) reveals that it is theoretically possible to determine γ by knowing only the

principal radii of curvature at two points on the surface.  However, these measurements

are difficult, making it necessary to substitute into (2) quantities that are more easily

measurable (Ambwani and Tomlinson, 1979).  Older methods of drop shape analysis rely

on a few preselected points that often correspond to special features of the drop, such as

inflection points.  Therefore, it is essential that they be measured with a high degree of

accuracy to assure good results (Chen et al., 1998).  Newer methods such as Axial

Symmetric Shape Drop Analysis-Profile (ADSA-P)  take into account the entire profile

of the drop (Rotenberg et al., 1983).  Equal importance is given to every point on the

drop’s surface, thus minimizing error (Chen et al., 1998).

Ambwani and Tomlinson (1979) outlined several advantages for using the pendant drop

technique to measure interfacial tension.  These included: 1) Very accurate measurements

(± 0.15% or less) are possible with the limitations being the quality of the optical system

gathering the image and the method for drop shape analysis.  2) Complete mathematical

analysis of the relation of interfacial tension and drop shape is possible, meaning that no

empirical correction factors are necessary.  3) Interfacial tensions of nearly any

magnitude can be measured.  4) Only small samples are required.  5) The method is

noninvasive.  6) Successive measurements of a given interface can be made without

disturbing the interface. 7) Photographs of the drops may serve as permanent records.

However, with today’s powerful personal computers and advanced digital imaging

software, the biggest advantage of this technique is its excellent adaptability for
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monitoring the short-time adsorption behavior of surfactants (Voigt et al., 1991; Tripp et

al., 1995; Beverung et al., 1999).  Instead of photographic records, digital cameras can

rapidly record images of a pendant drop’s changing shape, which can then be exported to

a computer.  Automated image analysis software can rapidly execute the previously

laborious calculations to determine surface tension, and the data can be conveniently

stored on the computer

Methods

Density Determination  The densities of the component phases are required inputs for

the pendant drop technique.  A Mettler-Toledo DE 40 density meter equipped with a

viscosity correction card was used to determine the density of each solution at 23° C.

The accuracy of the instrument is 1 x 10-4 g/cm3 with a repeatability of 1 x 10-4 g/cm3.

Each solution was measured in duplicate.

Pendant Drop Technique  An automated contact angle goniometer (Rame-Hart Inc.,

Mountain Lakes, NJ) was used for this purpose.  All stainless steel capillaries (for drop

formation) were cleaned in iso-propanol saturated with KOH and then thoroughly rinsed

with deionized water prior to usage.  A computer-controlled syringe was used to dispense

0.027 cm3 of solution from a stainless steel capillary into a water-saturated environmental

chamber.  (Prior to the final drop formation, several drops of the protein solution were

first flushed through the capillary.)  Drop images were recorded via a digital camera,

exported to a computer and automatically analyzed via imaging analysis software (RHI

2001).  The software’s analysis method utilizes a pair of geometrical parameters: the
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equatorial diameter de, and the neck diameter ds at a distance de from the vortex.  The

surface tension is given by:

γ = de
2∆ρg/H(S),                                                             (3)

Where ∆ρ is the density difference between the phases, and H(S) is a universal function

of S = ds/de (Andreas et al., 1938).  The first measurement of surface tension was begun

immediately after drop formation (≤ 0.5 s).  However, the validity of this measurement is

questionable, since the rapidly formed drop was not immediately stable.  Six hundred

measurements of surface tension were taken with a two-second resolution per treatment.

The entire system, excluding the computer, was mounted on a vibration-isolation optical

platform.  All measurements were made at room temperature (23 ± 1 °C).

Discussion

At a β-lactoglobulin concentration of 100 µm and over 1200 s, two distinct regions were

present in all graphs of surface tension vs. time: 1) An initial rapid and exponential

decrease in surface tension followed by 2) a more gradual and linear decrease in surface

tension.  No treatment had reached an equilibrium value of surface tension by 1200 s, and

the rate of decrease in the 2nd region appeared very similar for all treatments.

The kinetics of protein adsorption can be estimated from changes in surface tension data

(Graham and Phillips, 1979).  Two approaches were applied to quantify the different

rates of protein adsorption observed in this data.  The first was to fit the data to a 5-

parameter exponential decay model of the form:
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y = y0 + ae-bx + ce-dx                                                           (4)

This model was chosen because there are two processes contributing to surface tension

decrease: 1) new proteins inserting at the interface and 2) rearrangements of proteins

already at the interface (Dickinson, 1992), and these processes could be described by

ae-bx and ce-dx.  Furthermore, there is an initial value of surface tension, described by y0,

which hypothetically, should be the solution surface tension free of any protein.  It was

found that while this model fit the data well (all values of R2 ≥ 0.95), the values of the

resulting parameters did not describe the various curves in an interpretable manner.

Factors that probably contributed to this observation include the high variation from the

first measurement (see above) as this point was included in the curve fitting, and the

natural background variability (see below).  However, this model may not have properly

described the actual adsorption processes occurring under these conditions.

The second approach to quantifying this data was to define the five-minute half-life, t0.5,

of each curve.  In this approach:

(γi - γf)/2 = γ0.5                                                           (5)

where γi is the surface tension at 2 s, γf is the surface tension at five minutes, and γ0.5 is

50% of the total reduction in surface tension.  Therefore, t0.5 is equal to the time at which

γ (from the original curve) was = γ0.5.  However, it was found that this approach was

unsuitable due to natural perturbations in the data, that is, the surface tension, while

decreasing overall, often displayed small oscillations of  ~ 0.05 mN/m. These small

oscillations may result from slight thermal fluctuations in the drops (Chen et al., 1998).



37

Conclusion

New methods for properly quantifying protein adsorption rates from these curves are

currently being evaluated.  The literature on this subject seems to be exclusively applied

to dilute solutions (see chapter 2), making this task more of a challenge.  Regardless,

smoothing functions will be necessary to correct the previously mentioned small data

fluctuations.  Currently, tabular forms of the data in which treatment averages of surface

tension at particular times, have proven most useful for describing adsorption rates.  For

example, comparison of the surface tensions for several treatments at 2 seconds, one

minute, and 20 minutes gives one a feel for how these treatments' surface tensions are

changing at short, intermediate and longer times.
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Introduction

Aeration is currently one of the fastest growing unit operations within the food industry

(Campbell and Mougeot, 1999).  The formation and subsequent stability of aerated foods

(foams) primarily depends on the behavior of surface-active agents, and whey protein

ingredients are often chosen for this functional role (Kinsella and Whitehead, 1989;

Dickinson, 1999).  Like any functional property, the foaming properties of a protein

depend on its chemical and molecular characteristics.  These include but are not limited

to its amino acid sequence and composition, secondary and tertiary structures,

hydrophilic/hydrophobic surface distribution, net charge/charge distribution and

molecular flexibility (Kinsella and Whitehead, 1989; de Wit and van Kessel, 1996).  To

some extent, these intrinsic properties can not be changed, but they are strongly affected

by extrinsic factors such as pH, ionic strength, temperature and interactions with other

food components (Turgeon et al., 1992; Zhu and Damodaran, 1994a).  Lactose, CaCl2

and NaCl are extrinsic factors of special interest for whey proteins, since these cosolutes

either naturally occur in whey protein ingredients or they are commonly found in foods

that utilize these ingredients.

The typical calcium content of whey protein concentrates (WPC) is around 0.4 to 0.5%

(Kim et al., 1989;Patel and Kilara, 1990). In a comparative study of WPC's produced

from different whey sources, Patel and Kilara (1990) reported improved overrun and

stability with increasing calcium concentration for 5% whey protein foams at pH 7.0.

However, a possible drawback of this study was that the calcium content only varied

from 0.42 to 0.51%.  Karleskind et al. (1995) found no correlation between the foaming
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properties of WPC and calcium concentration.  These researchers looked at 5% protein

foams at pH 7.0 prepared from six different batches of WPC with calcium concentrations

ranging from 0.05 to 4.19 mg/g.  Perhaps, the most thorough research addressing the

effects of calcium on whey protein foams is that of Zhu and Damodaran (1994a).  They

prepared 5% protein solutions at pH 6.8 from whey protein isolate (WPI) containing

known amounts of CaCl2 (0-0.2 M).  For foams that were generated immediately after

salt addition, it was found that foamabiliy (the efficiency of foam formation) and foam

stability were greatest at concentrations around 0.02 to 0.04 M CaCl2.  Above these

concentrations, foamability and foam stability slightly decreased (still considerably better

than the control) with increasing CaCl2 concentration up to 0.2 M.  Upon addition of

CaCl2, it was noted that a slow protein aggregation ensued with equilibrium only being

reached after 200-400 minutes. Furthermore, foams that were formed immediately after

salt addition exhibited higher foamability and stability as compared to those foams

formed after longer incubation times.

In a separate study, Zhu and Damodaran (1994b) found that the addition of up to 0.15 M

NaCl steadily decreased foamability and foam stability of 5% protein (WPI) foams at pH

7.0. Additionally, Phillips et al. (1991) found that the addition of either 0.1, 1 or 2 M

NaCl did not improve overrun or foam stability for 5% protein solutions (WPI) at pH 5.0.

However, other foaming studies of globular proteins showed that the addition of up to 0.1

M NaCl increased both foamability and foam stability (Halling, 1981).
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Whey protein ingredients contain significant amounts of lactose. The addition of up to

20% lactose was shown to increase the foam stability of 5% protein foams (WPI) at pH

7.0, while foamability did not change (Zhu and Damodaran, 1994b).  However, the

addition of 10% sucrose reduced the overrun  of 5% WPI solutions at pH 8.0, while foam

stability was improved (Phillips et al., 1989).

Foams are inherently difficult structures to study, due to their complex, delicate and often

unstable nature.  To best understand protein-foaming mechanisms, high-resolution

studies of extremely purified and simplified protein systems are usually required

(Dickinson, 1999; Wilde and Clark, 1996).  Since protein (any surfactant) adsorption

lowers interfacial tension, dynamic measurements of this parameter have often provided

(indirectly) the basis for methods that monitor protein adsorption kinetics (Chen et al.,

1998).  It can take hours or even days for adsorbing proteins to reach equilibrium surface

tension values; however, these equilibrium values are not very relevant to the processes

of foam formation and stability (Kim and Kinsella, 1985).  The important time-scales for

foam formation/protein adsorption can be sub-millisecond (Wilde, 2000), making these

phenomena very difficult to monitor.  Recent experimental methods based on the pendant

drop technique have provided dynamic interfacial tension data with excellent time

resolution (≤ 1 s) (Beverung et al., 1999;Chen et al., 1998;Tripp et al., 1995).  However,

one disadvantage of this technique is that the densities of the component phases are

required inputs.  This may have prevented previous researchers from extending this

method beyond the study of very dilute solutions where solution density is assumed to be

equal to solvent density (Makievski et al., 1998;Wustneck et al., 1996;Yan et al., 2000).
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(Also, dilute systems are the norm for adsorption studies since adsorption is such a fast

phenomenon.)  The problem of density inputs can be circumvented by the use of a

density meter (Kwok et al., 1995).

The goal of this research was to systematically characterize the short-time adsorption of

β-lactoglobulin (10-4 M) at pH values above, below and near its isoelectric point (pI),

while in the presence of either (0 to 400 mM) NaCl, CaCl2 or lactose using the pendant

drop technique.  β-Lactoglobulin (β-Lg) was chosen as a model protein because as the

primary whey protein, its behavior is known to dominate the functionality of whey

protein ingredients.  The range of pH values chosen should provide a more complete

characterization, since β-Lg's behavior and resulting functionality are well known to be

intimately tied to this parameter (Kinsella and Whitehead, 1989).  In combination with a

density meter, the adsorption of β-Lg was monitored via the pendant drop technique

under conditions that more closely replicate those actually found in food foams, i.e. high

protein and cosolute concentrations.  This data should correlate closely to foamability,

since excluding the energy input and the physical properties of the component phases,

foamability primarily depends on the protein’s (any surfactant) capacity to rapidly lower

the surface tension upon adsorption at the aqueous/gaseous phase boundary (Wilde,

2000).

Materials

High purity calcium chloride and α-lactose were purchased from Sigma Chemical Co.

(St. Louis, MO).  High purity sodium chloride was purchased from Fisher Scientific (Fair
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Lawn, New Jersey).  Two lots of 90% β-lactoglobulin (Lot 128H7023 and Lot 49H7019)

were purchased from Sigma Chemical Co.  WPI (BiPro, 94.6% protein, lot JE 111-9-420)

was supplied by Davisco Foods International.  The concentration of β-lactoglobulin in a

typical lot of BiPro was 70% as determined by reverse phase HPLC (data not shown).

Deionized water was obtained using a Dracor Water Sytems (Durham, NC) purification

system.  The resistivity was a minimum of 17.2 mΩ-cm.   All glassware and steel

capillaries were cleaned in iso-propanol saturated with KOH prior to usage.

Methods

Treatment Prepartion.  Each treatment was prepared from stock solutions of β-

lactoglobulin, WPI and/or co-solute.  Dilute (0.001 and/or 0.01 M) solutions of either

NaOH or HCl were used for pH adjustments.  Assuming a MW of 18,400, 10 ml of 1.1

mM solutions of β-lactoglobulin (β-Lg) were prepared as stock.  Each stock solution was

filtered using a 0.45 µm Acrodisc (Gelman Sciences, Ann-Arbor, MI) syringe-filter.

The solutions were transferred to pre-hydrated dialysis bags with a molecular weight cut

off of 6000 to 8000 Daltons, and exhaustively dialyzed against deionized water at 4°C.

The concentration of β-Lg was then verified at 280 nm spectrophotometrically

(Shimadzu UV160U) using a molar absorption coefficient of 0.96 mg ml-1 cm –1

(Hambling et al., 1992).  From these measurements, the appropriate amount of β-Lg

stock was determined to yield a final concentration of 100 µM per treatment.  The same

procedure was applied to WPI, and an extinction coefficient of 1.10 mg ml-1 cm-1 at 280

nm (determined experimentally) was used for concentration determination.  The final

concentration of WPI was 0.182 % protein per treatment.
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1 M stock solutions of NaCl and CaCl2 were prepared at room temperature.  A 0.5 M

stock solution of α-lactose was prepared using low heat from a bench top stir plate to aid

in its solubilization. Each stock was filtered through a 0.45 µm Millipore (Bedford, MA)

filter at room temperature (22 to 23 °C).

Treatments (10 ml) were prepared as such: 1. Deionized water was first added to a beaker

with a magnetic stirrer such that ~0.5 ml of space would remain at the end of treatment

preparation to allow for pH adjustment.  2. The appropriate amount of co-solute stock

was added to the beakers and allowed to equilibrate for a minimum of five min.  3. The

appropriate amount of protein stock was pipetted to each beaker using Fisherbrand low

retention pipette tips.  After mixing for a minimum time of 5 min, the pH of each

treatment was adjusted to 3.0, 5.0 or 7.0 as needed.  The volume of each solution was

then adjusted to 10 ml using a volumetric flask.

Density and Surface Tension Measurements.  See chap 1.

Results and Discussion

At this β-Lg concentration,100 µM, and over this timeframe, 1200 s, two distinct regions

were present in all graphs of surface tension vs. time: 1) An initial rapid and exponential

decrease in surface tension followed by a 2) more gradual and linear decrease in surface

tension (figures 1-3).  No treatment had reached an equilibrium value of surface tension

by 1200 s and the rate of decrease in the 2nd region was similar for all treatments.
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NaCl

At pH 3.0 and pH 7.0, there was a progressive increase in the initial rapid decrease in

surface tension as higher concentrations of NaCl were added into solution (figure 1);

however, the treatments with 0.1 and 0.4 M NaCl were identical at pH 7.0.  At pH 5.0,

which is near the isoelectric point (pI) of 5.2 for β-Lg, the curves for each treatment were

virtually superimposable for each NaCl concentration (Table 1).  Furthermore, the rate of

protein adsorption was clearly greatest at pH 5.0 for all treatments that contained ≤ 0.01

M NaCl.  However, at 0.100 M, pH became less of a factor, as adsorption rates were very

similar across the pH range, while at 0.400 M, the acidic form of the protein adsorbed

most rapidly.

Electrostatic forces among proteins strongly influence both protein adsorption (Waniska

and Kinsella, 1985; Song and Damodaran, 1991) and bulk foaming properties (Phillips et

al., 1991; Zhu and Damodaran, 1994).  The sign, magnitude and distribution of a

protein’s charge are primarily governed by the pH of its environment (Bryant and

McClements, 1998).  At its pI, a protein’s net charge is zero and repulsive forces are

minimized, resulting in decreased protein solubility.  However, interfacial adsorption is

usually maximum near a protein’s pI (assuming solubility) due to minimal electrostatic

repulsion at the interface (Waniska and Kinsella, 1985).  This could explain the rapid

adsorption observed for β-Lg at pH 5.0 in low salt environments (≤ 0.01 M NaCl).  At pH

3.0 and 7.0, the protein carries a net positive and net negative charge respectively, thus

increasing the importance of the electrostatic energy barrier to adsorption.  The general

trend of increasing adsorption rates with increasing [NaCl] at a constant pH of 3.0 or 7.0,
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probably resulted from the ions screening the charges on the molecule, thus reducing the

electrostatic adsorption barrier (MacRitchie and Alexander, 1963).  It is important to note

that besides screening effects, ions can indirectly affect protein hydrophobic forces via

the ions’ influence on the structure of water molecules (Damodaran and Kinsella, 1982).

However, no concentration of NaCl significantly affected the adsorption of β-Lg at a

constant pH of 5.0, suggesting that the tested concentrations of NaCl were too low for

these indirect effects to be significant.

Most interesting was the molecule’s adsorption behavior at higher salt concentrations (0.1

and 0.4 M).  At 0.1 M, pH minimally (if at all) affected protein adsorption (table 1),

suggesting that the counter ion concentration was high enough to neutralize the charged

forms of β-Lg, thus making their adsorption similar to that of pH 5.0.  At a NaCl

concentration of 0.4 M, the acidic form of the protein adsorbed most rapidly.  This is

illustrated in Table 1, in which the surface tension at pH 3.0 is significantly lower at each

specific time frame for all 0.4 M NaCl solutions.  Interestingly, Shimizu et al. (1985)

reported a more rapid adsorption rate for β-Lg at pH 7.0 as compared to 3.0 (no salt).

However, in the same study, it was reported that the hydrophobicity of β-Lg was 70 to

100 times greater (two methods) at pH 3.0 as compared to 7.0.  Since hydrophobicity is

strongly correlated with protein adsorption, Shimizu et al. (1985) attributed the increased

adsorption at pH 7.0 to β-Lg’s greater flexibility at neutral pH (de Wit and Klarenbeek,

1981).  It is important to note that Shimizu et al. (1985) performed their adsorption

measurements at a β-Lg concentration (0.001 %) that was almost 200 times more dilute

than the present study.  Interfacial unfolding of globular proteins occurs to a much lesser



48

extent as the protein concentration in increased, due to higher surface pressures at the

interface (Wustneck et al., 1996).  Therefore, the more rapid adsorption observed at pH

3.0 as compared to pH 5.0 and 7.0 at 0.4 M NaCl, could be partially attributed to the

molecules increased hydrophobicity, since flexibility should not contribute significantly

towards adsorption at this protein concentration.  This also fits with the general

observation that most treatments adsorbed more rapidly at pH 3.0 than at pH 7.0.

Another consideration, is the quaternary structure of β-Lg in the various treatment

environments, as the monomeric species would be expected to observe more rapidly than

dimers or octamers (Mackie et al., 1999).  Although β-Lg primarily exists as an octamer

at pH 5.0 (Pessen et al., 1985), and its adsorption is often most rapid at this pH, it could

simply be that the electrostatic effects are so much more significant during adsorption,

that they conceal the effects of quaternary structure at pH 5.0.  With that, β-Lg is known

to exist more predominantly in the monomeric state at pH 3.0 as compared to pH 7.0, and

this could also contribute to its increased rate of adsorption.

CaCl2

At pH 3.0, treatments with identical molar concentrations of CaCl2, as compared to the

NaCl treatments, behaved identically to the NaCl treatments (figures 1 and 2).  The initial

rapid increase in adsorption progressively increased with increasing concentrations of

CaCl2 up to 0.4 M.   However, at pH 7.0, there were discrepancies between treatments

with identical molar concentrations of CaCl2 and NaCl.  This suggests that specific

divalent cation effects are important during the initial protein adsorption.  β-Lg is known

to react with calcium more strongly at pH values above its pI (Patocka and Jelen, 1991),



49

so this might explain the similarity between its adsorption patterns at 0.01, 0.1 and 0.4 M

CaCl2 at pH 7.0 (figure 2).  That is, there were enough divalent cations at 0.01 M CaCl2

to screen all the molecules’ negative charges, so higher concentrations of cation would

not change adsorption directly via charge screening or indirectly by perturbing the

solvent quality.  At pH 5.0, all concentrations ≥ 0.01 M slightly increased the rate of β-Lg

adsorption in a similar manner as compared to the control or 0.001 M treatments (Table

2).  This reinforces the hypothesis that a specific divalent cation might be important

during the initial stages of protein adsorption.  At 0.1 M, pH did not affect β-Lg

adsorption, while at pH 3.0, the acidic form of β-Lg adsorbed most rapidly.

Lactose

The addition of lactose from 0 to 0.4 M did not significantly affect the rate of protein

adsorption at pH 3.0 or 5.0 (figure 3 and table 3).  At pH 7.0, the addition of up to 0.100

M lactose did not affect protein adsorption as compared to the control, while β-Lg in the

presence of 0.400 M lactose adsorbed more rapidly (figure 3).  Treatments at pH 3.0

generally adsorbed more rapidly than those at pH 7.0, while all treatments at pH 5.0 were

significantly lower than those at pH 3.0 or 7.0 (table 3).  This reinforced the importance

of an electrostatic energy barrier at the air/aqueous interface since lactose should not

reduce the charge of the protein molecules.  Since sugars stabilize proteins against

denaturation, it is surprising that 0.4 M lactose at pH 7.0 seems to increase protein

adsorption.  However, as previously discussed, protein flexibility is not thought to play a

very significant role at these high concentrations.
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WPI

β-Lg concentration (10-4 M) was matched using WPI as a protein source.  Treatments

were only prepared at pH 3.0 and 7.0.  The general trends previously discussed were

identical for these WPI treatments (figures 1-3).  This reinforces the major influence that

β-Lg has on the behavior/functionality of these ingredients.

Conclusions

These results show the importance of an electrostatic energy barrier to the initial

adsorption of β-lactoglobulin at the air/aqueous interface.  The effects of this energy

barrier most affect the processes occurring during the first ~250 s of adsorption as seen in

the different initial rates of adsorption and extent of lowering surface tension.  NaCl,

CaCl2 and pH all significantly affected the initial rate of β-lactoglobulin adsorption by

altering the electrostatic potential of the molecule.  Regardless of the treatment

conditions, the rate of surface tension decrease was similar after the first ~ 250 s.  This

suggests that once the proteins overcome this electrostatic energy barrier and are located

at the interface, the slow rearrangement processes which further lower the surface tension

are similar.
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Graphs of surface tension vs. time for 3 different protein sources.  Protein A is β-lactoglobulin purchased from Sigma Company (Lot 128H7023).  
Protein B was β-lactoglobulin purchased from Sigma Company (Lot 49H7019).  WPI is whey protein isolate donated from Davisco.  All proteins 
were of equal concentration, all β-lactoglobulin samples were 10 -4 M (assuming a MW of 18400) and the WPI samples were at an equivalent
concentration, 0.184% (w/v).  Samples vary by NaCl concentration:       0.001 M NaCl, 0.010 M NaCl, 0.100 M NaCl, 0.400 M NaCl

Figure 1:
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Graphs of surface tension vs. time for 3 different protein sources.  Protein A is β-lactoglobulin purchased from Sigma Company (Lot 128H7023).  
Protein B was β-lactoglobulin purchased from Sigma Company (Lot 49H7019).  WPI is whey protein isolate donated from Davisco.  All proteins 
were of equal concentration, all β-lactoglobulin samples were 10-4 M (assuming a MW of 18400) and the WPI samples were at an equivalent
concentration, 0.184% (w/v).  Samples vary by CaCl2 concentration:       0.001 M CaCl2 0.010 M CaCl2 0.100 M CaCl2 0.400 M CaCl2

Figure 2:
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Graphs of surface tension vs. time for 3 different protein sources.  Protein A is β-lactoglobulin purchased from Sigma Company (Lot 128H7023).  
Protein B was β-lactoglobulin purchased from Sigma Company (Lot 49H7019).  WPI is whey protein isolate donated from Davisco.  All proteins 
were of equal concentration, all β-lactoglobulin samples were 10-4 M (assuming a MW of 18400) and the WPI samples were at an equivalent
concentration, 0.184% (w/v).  Samples vary by NaCl concentration:       0.001 M lactose 0.010 M lactose 0.100 M lactose 0.400 M lactose

figure 3:
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Table 1.  The surface tension of ββ-lactoglobulin (10-4 M) solutions at
different times: The effects of NaCl at three different levels of pH.

pH 3.0       
[NaCl] (M) 2 seconds 1 minute 20 minutes
0.001 70.0 +/- 3.1  (4.4) 58.2 +/- 2.8  (4.7) 51.7 +/- 2.9  (5.7)
0.010 66.0 +/- 1.6  (2.5) 56.4 +/- 1.5  (2.7) 50.7 +/- 1.6  (3.3)
0.100 59.6 +/- 1.1  (1.8) 53.5 +/- 1.8  (3.4) 48.5 +/- 1.6  (3.2)
0.400 57.5 +/- 1.0  (1.8) 51.7 +/- 1.0  (2.0) 46.7 +/- 1.0  (2.2)

pH 5.0
[NaCl] (M) 2 seconds 1 minute 20 minutes
0.001 57.9 +/- 1.4  (2.4) 52.1 +/- 1.4  (2.7) 48.2 +/- 1.4  (2.8)
0.010 57.8 +/- 1.2  (2.0) 52.3 +/- 1.4  (2.6) 48.3 +/- 1.1  (2.4)
0.100 58.0 +/- 1.3  (2.2) 52.5 +/- 1.4  (2.7) 48.4 +/- 1.2  (2.4)
0.400 58.4 +/- 1.2  (2.0) 53.1 +/- 1.1  (2.0) 48.1 +/- 1.1  (2.3)

pH 7.0
[NaCl] (M) 2 seconds 1 minute 20 minutes
0.001 70.2 +/- 0.8  (1.1) 62.8 +/- 1.9  (3.1) 56.6 +/- 1.2  (2.1)
0.010 64.7 +/- 1.4  (2.2) 58.1 +/- 1.4  (2.4) 52.9 +/- 1.1  (2.1)
0.100 60.1 +/- 1.2  (2.0) 54.7 +/- 1.1  (1.9) 50.7 +/- 0.6  (1.2)
0.400 59.9 +/- 1.0  (1.6) 54.2 +/- 1.0  (1.8) 49.7 +/- 0.6  (1.2)

Each value represents a minimum of 4 measurements and two different sources of
β-lactoglobulin.  Coefficient of variation in parenthesis.
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Table 2.  The surface tension of ββ-lactoglobulin (10-4 M) solutions
at different times: The effects of CaCl2 at three different levels of pH.

pH 3.0       
[CaCl2] (M) 2 seconds 1 minute 20 minutes
0.001 68.7 +/- 0.9  (1.3) 57.7 +/- 1.1  (2.0) 52.1 +/- 2.3  (4.3)
0.010 63.4 +/- 1.0  (1.5) 56.1 +/- 1.3  (2.4) 50.7 +/- 2.0  (3.9)
0.100 57.8 +/- 1.1  (1.9) 52.7 +/- 1.6  (3.1) 47.9 +/- 1.6  (3.4)
0.400 55.9 +/- 1.1  (2.0) 50.7 +/- 1.1  (2.1) 45.4 +/- 2.2  (4.8)

pH 5.0
[CaCl2] (M) 2 seconds 1 minute 20 minutes
0.001 62.0 +/- 5.4  (8.6) 54.7 +/- 3.5  (6.5) 50.6 +/- 3.2  (6.2)
0.010 57.3 +/- 0.7  (1.2) 52.0 +/- 1.0  (2.0) 47.8 +/- 0.7  (1.4)
0.100 58.3 +/- 0.9  (1.5) 52.9 +/- 1.1  (2.2) 48.5 +/- 1.0  (2.1)
0.400 59.2 +/- 0.9  (1.5) 53.5 +/- 1.3  (2.4) 48.5 +/- 1.4  (2.8)

pH 7.0
[CaCl2] (M) 2 seconds 1 minute 20 minutes
0.001 60.6 +/- 1.4  (2.3) 55.6 +/- 1.7  (3.1) 51.1 +/- 1.0  (2.0)
0.010 58.5 +/- 1.0  (1.7) 53.6 +/- 1.2  (2.2) 49.0 +/- 0.6  (1.1)
0.100 58.5 +/- 2.9  (2.2) 52.6 +/- 1.6  (3.0) 48.8 +/- 0.8  (1.6)
0.400 57.7 +/- 2.2  (1.9) 52.4 +/- 1.4  (2.7) 48.5 +/- 1.1  (2.4)

Each value represents a minimum of 4 measurements and two different sources of
β-lactoglobulin.  Coefficient of variation in parenthesis.
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Table 3.  The surface tension of ββ-lactoglobulin (10-4 M) solutions at different times:
The effects of lactose at three different levels of pH.

pH 3.0       
[lactose] (M) 2 seconds 1 minute 20 minutes
0.001 70.0 +/- 1.3  (1.8) 58.1 +/- 1.9  (3.3) 52.1 +/- 2.5  (4.9)
0.010 70.4 +/- 1.6  (1.7) 58.6 +/- 2.2  (3.8) 52.7 +/- 3.0  (5.6)
0.100 69.9 +/- 1.5  (2.2) 57.3 +/- 1.9  (3.3) 51.8 +/- 3.4  (6.6)
0.400 69.0 +/- 1.3  (1.9) 56.8 +/- 1.7  (3.0) 51.1 +/- 2.7  (5.3)

pH 5.0
[lactose] (M) 2 seconds 1 minute 20 minutes
0.001 59.5 +/- 2.4  (4.1) 52.9 +/- 1.0  (1.8) 48.5 +/- 0.8  (1.6)
0.010 58.9 +/- 3.1  (5.3) 52.4 +/- 0.7  (1.4) 48.5 +/- 0.9  (1.9)
0.100 59.6 +/- 1.8  (2.9) 52.6 +/- 1.2  (2.2) 48.6 +/- 1.8  (3.7)
0.400 59.7 +/- 2.4  (4.0) 51.9 +/- 1.1  (2.1) 47.0 +/- 1.4  (3.0)

pH 7.0
[lactose] (M) 2 seconds 1 minute 20 minutes
0.001 69.2 +/- 1.3  (1.8) 62.4 +/- 1.1  (1.8) 56.4 +/- 1.7  (2.9)
0.010 69.7 +/- 1.1  (1.6) 62.8 +/- 1.0  (1.6) 57.2 +/- 1.9  (3.3)
0.100 68.4 +/- 0.9  (1.3) 61.2 +/- 1.2  (2.0) 55.2 +/- 2.2  (4.1)
0.400 65.4 +/- 1.3  (2.0) 58.9 +/- 2.2  (3.7) 53.7 +/- 2.5  (4.6)

Each value represents a minimum of 4 measurements and two different sources of
β-lactoglobulin.  Coefficient of variation in parenthesis.
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Introduction

Aerated foods are quite popular for both consumers and food processors alike.  Consumer

appeal primarily results from the unique and desirable textural qualities imparted by

aeration (Campbell and Mougeot, 1999).  Processor appeal stems not only from this

consumer attraction, but also from the economics of selling air.  For these reasons, food

foams (an important class of aerated foods) have been extensively studied for many

years, and the majority of these investigations have focused on their formation and

stabilization mechanisms (Halling, 1981).  The rheological characterization of food

foams has received far less attention.  However, rheological studies may provide

quantifiable insights into the textural qualities of these products, and this would prove

very valuable to the food industry, since it is texture that makes foamed foods so

important (Campbell and Mougeot, 1999).

The lack of foam rheological studies probably results from their inherent difficulty,

especially those of liquid foams, since these structures are complex, delicate and often

unstable (Princen and Kiss, 1989).  Traditional rheometer geometries such as the parallel

plate, and cup and bob systems are generally unacceptable, due to wall slip and sample

destruction (Barnes and Quoc, 2001).  Pernell et al. (2000) recently demonstrated that the

vane method is a reliable method for measuring the yield stress of food foams.  The vane

method overcomes the problem of wall-slip by placing the shear surface within the

material being tested (Barnes and Quoc, 2001).  The yield stress of foam relates to its

“stiffness”, so these measurements are expected to be important in applications for which

very robust foams are desirable (Pernell et al., 2000).
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Whey protein ingredients are often utilized for their foam forming/stabilizing properties

(Dickinson, 1999).  Like any functional property, the foaming properties of a protein

depend on its structure, which in turn depends on its surrounding environmental

conditions.  Electrostatic forces amongst whey proteins (all proteins) significantly

influence both bulk foaming properties, such as overrun and stability, (Phillips et al.,

1991; Zhu and Damodaran, 1994b) and interfacial properties, such as adsorption rates

and interfacial rheology (Roth et al., 2000; Waniska and Kinsella, 1985).  However, the

relationship between electrostatic forces and the yield stress of whey protein foams is

unclear.  Luck et al. (2001) found that the yield stress of 15% protein (WPI) foams was

significantly increased by the addition of either 0.4 M NaCl or CaCl2 at pH 7.0.

However, the addition of 0.4 M lactose decreased yield stress as compared to control

samples.

The goal of this research was to elucidate the relationship between the yield stress of WPI

foams and electrostatic forces.  These forces are primarily governed by the environmental

pH, ionic strength and ionic type.  Therefore, solutions with pH values of 3.0 and 7.0 in

the presence of either (0 to 400 mM) NaCl or CaCl2 were chosen to provide a wide range

of electrostatic conditions.  Previous researchers (Princen and Kiss, 1989) have

hypothesized that surface tension and air phase volume also influence foam yield stress,

therefore, these parameters were also investigated.
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Materials and Methods

Reagents.  High purity calcium chloride was purchased from Sigma Chemical Co. (St.

Louis, MO).  High purity sodium chloride was purchased from Fisher Scientific (Fair

Lawn, New Jersey).  Whey protein isolate (BiPro, 94.6% protein, lot JE 111-9-420) was

provided by Davisco Foods International Inc., Le Sueur, MN.  Deionized water was

obtained using a Dracor Water Sytems (Durham, NC) purification system.  The resistivity

was a minimum of 17.2 mΩ-cm.

Solution Preparation  As stocks, 2 M solutions of NaCl and CaCl2 and 15% protein

solutions were prepared.  All protein stocks were used within 24 hours and stored at 4ºC

if not used immediately.  Foaming treatments (250 ml) were prepared as such: 1.

Deionized water was first added to a beaker with a magnetic stirrer such that ~30 ml

would remain at the end of solution preparation to allow for pH adjustment.  2. The

appropriate amount of co-solute stock was added to the beakers under mild stirring and

allowed to equilibrate for a minimum of five min.  3. The appropriate amount of protein

stock was added to each beaker using a 100 ml volumetric flask and a 100 ml graduated

cylinder.  After mixing for a minimum of 30 min, the pH of each treatment was adjusted

to 3.0, 5.0 or 7.0 as needed.  (pH adjustments were made dropwise using 1 or 2 M NaOH

or HCl)  4. The volume of each solution was adjusted to 250 ml using a volumetric flask.

The final protein concentration for each solution was 10%.  Solutions were stored

overnight at 4ºC.  Upon removal from the refrigerator, solutions were allowed to

equilibrate at room temperature for 1 hr under mild stirring prior to the foaming

experiments.



64

Foam Formation.  A Kitchen Aid Ultra Power Mixer (Kitchen Aid, St. Joseph's, MI)

with a 4.5 qt (4.3 L) stationary bowl and rotating beaters was used for foam formation.

Solutions (212 ml) were whipped at speed setting 8 (planetary rpm of 225 and beater rpm

of 737) for 20 min.  Each foam treatment was replicated at least three times.

Yield Stress.   Yield stress was measured using vane rheometry according to the method

of Pernell et al. (2000).  A Brookfield 25xLVTDV-ICP (Brookfield Engineering

Laboratories, Inc. Middleboro, Massachusetts) viscometer was used at a speed of 0.3

rpm.  After whipping, the beaters were gently removed from the foam prior to yield stress

measurement.  The vane (10 mm diameter and 40 mm length) was lowered into the foam

until the foam surface was level with the top of the vane.  The viscometer was set to zero

and rotation was started within 3 min of foam formation.  Maximum torque response

(M0) was recorded for each of three measurements taken per foam.  Torque readings were

used to calculate yield stress values according to the methods of (Dzuy and Boger,

1983;Dzuy and Boger, 1985) and Steffe (1996):

(1)

where τ is the yield stress, and h and d are the height and diameter of the vane.

Overrun.  Foam was scooped from the bowl in a circular pattern with a rubber spatula,

filling the standard weigh boat (106 ml) 12 times.  Measurements were taken and the
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mean was used to calculate overrun and air phase fraction according to Campbell and

Mougeot (1999):

(2)

(3)

Surface Tension  Aliquots were taken from each foaming solution prior to foam

formation.  Dilutions of 1:25 were made in either deionized water or solutions of equal

cosolute concentration as that of the particular foaming solution.  For example, a 10%,

0.4 M NaCl solution was diluted 1:25 in water and 1:25 in 0.4 M NaCl.  The dynamic

surface tension of these solutions was measured as described in chapter 1.  The total time

of measurement was 5 min per run.

Results and Discussion

Foaming solutions were diluted in either water or solutions of equal salt concentration

prior to dynamic surface tension measurements.  It is hypothesized that salts can affect

interfacial properties directly by binding charged species on the protein molecules

(MacRitchie and Alexander, 1963), or indirectly by disrupting hydrophobic interactions

via perturbations in water molecules, i.e. changing the solvent quality (Damodaran and

Kinsella, 1982).  By diluting the treatments in water, the stoichiometry of the system

( ) ( )
100

106

106106
% ×

−
=

foammlwt

foammlwtdispersionmlwt
Overrun

( )100overrun

overrun
fractionphaseAir

+
==

%

%
φ



66

remains constant, i.e. the ratio of ions to proteins.  Therefore, if the salts were directly

interacting with the proteins, then it was expected that the water dilutions would most

closely correlate with bulk foaming properties.  If changes in solvent quality were

primarily responsible for bulk foaming properties, it was hypothesized that interfacial

measurements from the salt dilutions (equivalent solvent quality after dilution) would

correlate more closely with bulk foaming properties.  It is important to note that this

hypothesis is over simplified, since in reality, both direct and indirect effects are expected

to act simultaneously.

For the controls, yields stress at pH 7.0 was ~20% greater as compared to pH 3.0 (figures

1 - 4).  No concentration of either NaCl or CaCl2 significantly affected yield stress at pH

3.0 (figures 1 and 3). However, at pH 7.0, increasing concentrations of NaCl and CaCl2

progressively increased yield stress (figures 2 and 4).  At identical concentrations, CaCl2

increased yield stress to greater magnitudes as compared to NaCl.  For example, at 0.4 M,

NaCl increased yield stress by ~70% (figure 2), while CaCl2 increased the yield stress by

almost 100% (figure 4).

For the controls, the overrun was ~20% greater at pH 3.0 as compared to pH 7.0 (figures

1 -4).  At pH 3.0, the only concentration of NaCl which significantly affected overrun

was 0.4 M, which substantially decreased (~30%) this property (Figure 1).  Higher

concentrations of CaCl2 also reduced overrun at pH 3.0, with 0.1 M and 0.4 M reducing

this property by ~15% and ~30% respectively (figure 3).  At pH 7.0, no concentration of

either NaCl or CaCl2 significantly affected foam overrun (figures 2 and 4).
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At pH 3.0, identical concentrations of NaCl and CaCl2 produced identical surface tension

responses for both the water and salt dilutions (figures 5 and 6).  Examination of the

interfacial data at pH 7.0 reveals significantly different behavior between identical

concentrations of NaCl and CaCl2 (figures 5 and 6).

Both types of data (bulk foaming properties and dynamic surface tension) clearly indicate

the drastically different behaviors of the system at pH 3.0 and 7.0.  β-lactoglobulin (β-

Lg) is the major whey protein and accounts for approximately 70% of the protein in a

typical lot of BiPro as determined by reverse phase HPLC (data not shown).   Therefore,

its behavior is expected to dominate the functionality of this system.  At pH 3.0, β-Lg

molecules have a net positive charge, so the anionic species of the salts was expected to

directly interact with the proteins.  Since the anionic species is identical for both CaCl2

and NaCl, specific ionic type effects were not expected at pH 3.0.  This seems to partially

explain the frequent similarities between treatments of equivalent molar concentrations at

pH 3.0 (figures 1, 3, 5 and 6).  However, CaCl2 should yield twice the number of anions

as NaCl at equal molar concentrations.  Since 0.1 and 0.4 M CaCl2 both decreased foam

overrun at pH 3.0, while only 0.4 M NaCl decreased this property, it suggests that

mechanisms controlling overrun are more susceptible to anion concentration.

At pH 7.0, β-Lg would carry a net negative charge, thus the cationic species of the salts

was expected to most significantly influence protein behavior under these conditions.

The differences in dynamic surface tension data for CaCl2 and NaCl at equivalent
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concentrations at pH 7.0, indicated the importance of specific cationic effects during

protein adsorption at pH 7.0.  The divalent Ca++ species is hypothesized to promote

bridging between the negatively charged proteins at the interface, thus improving

foaming properties (Zhu and Damodaran, 1994a).  As discussed later, this ion specific

effect may contribute towards observed increases in yield stress.

Increasing rates of protein adsorption (lower values of surface tension at equivalent

times) were hypothesized to increase overrun and decrease yield stress.  Since all overrun

measurements were made over similar time periods (5 to 15 minutes after foam formation

for 12 measurements), these measurements were considered a rough gauge for each

solution’s foamability.  Foamability is defined as the efficiency of foam formation in a

specific time frame with identical energy input, and it often correlates positively with

increasing rates of protein adsorption (Wilde and Clark, 1996).  For this data, this

correlation only held in low salt environments (≤ 0.01 M CaCl2 or NaCl), since in these

environments, overrun was improved at pH 3.0 (figures 1-4) and protein adsorption was

also more rapid for both the water and salt dilutions at pH 3.0 (figures 5 and 6).  This was

not surprising since β-Lg is known to be 70 to 100 more times hydrophobic at pH 3.0 as

compared to 7.0 (Shimizu et al., 1985), and hydrophobicity is positively correlated with

increased protein adsorption (Kato and Nakai, 1980; Townsend and Nakai, 1983).

However, higher salt concentrations generally increased rates of surface tension decrease,

while overrun was either unchanged or diminished.

Princen and Kiss (1989) proposed the following equation for the yield stress of foams
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(5)

where τ = yield stress, σ = surface tension, φ = gas phase volume, and R32  = Sauter mean

bubble radius (≈ 3 times the volume per surface area; 3V/S).  The value Y(φ) is an

empirically derived function of the system.

This model predicts that yield stress should increase with increasing surface tension, but

this data does not support that relationship.   While most pH 7.0 treatments generally had

higher surface tensions as compared to their pH 3.0 counterparts (supporting the

relationship), the exceptions were the 0.1 and 0.4 M CaCl2 treatments.   These two

treatments had the lowest surface tensions (all times) of all treatments; however, these

CaCl2 concentrations exhibited the highest yield stresses of all treatments.  Intuitively,

this relationship seems inappropriate as the equilibrium value of surface tension for small

MW surfactants (42-22 mN/m) is considerably lower than those of proteins (45-55

mN/M) (Bos and van Vliet, 2001).  However, assuming all other factors equal, one would

not expect a soap foam to have a higher yield stress as compared to a protein foam.

Equation 5 predicts that yield stress should increase with increasing air phase volumes.

Again, this relationship does not seem to hold, as increasing the concentrations of NaCl

or CaCl2 did not increase overrun/air phase volume for any treatment tested, while at pH

7.0, these cosolutes significantly increased the yield stress.  However, a notable problem

with this comparison is the model assumes a monodisperse collection of gas bubbles, and

whipped foams produce a collection of gas bubbles that is polydisperse (Halling, 1981).

)(/ φφ
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Furthermore, foam mass (used to calculate overrun) was seen to increase with later

measurements, since these were taken from deeper sections of the bowl.  This results

from drainage.  Therefore, the air phase volume calculated via overrun might not be

representative of the top of the foam where yield stress measurements were made.

The model of Princen and Kiss does not take into account effects that could be occurring

at the interface (beyond surface tension) and within the lamellae.  Sarker et al. (1996)

have shown that multivalent cations increase both foam stability and dilational viscosity

for solutions of β-Lg.  It appears that mutivalent cations induce the formation of strong

protein networks at the air/water interface by polymerizing neighboring protein

molecules.  These networks most likely contribute towards yield stress.  Furthermore,

increased viscosity within the lamella would also be expected to increase foam yield

stress

Conclusion

The addition of CaCl2 or NaCl (0 to 400 mM) progressively increased the yield stress of

10% WPI foams at pH 7.0, and magnitudes of yield stress were significantly higher for

CaCl2 when compared to equivalent concentrations of NaCl.  At pH 3.0, neither salt at

any concentration affected yield stress.  The relationships between overrun and surface

tension with yield stress as predicted by the model of Princen and Kiss (1989) did not

hold for this data.  Specific divalent cationic effects were thought to be responsible for

improved yield stress values.  Dynamic surface tension data at pH 3.0 and 7.0 leant

credence to this ion specific hypothesis.
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Figure 1:  Yield stress and overrun measurements of NaCl treatments at pH 3.0
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Figure 2: Yield stress and overrun measurements of NaCl treatments at pH 7.0
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Figure 3:  Yield stress and overrun measurements of CaCl2 treatments at pH 3.0 
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Figure 4:  Yield Stress and overrun measurements of CaCl2 treatments at pH 7.0
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Figure 5:  Typical dynamic surface tension measurements for NaCl treatments
               at pH 3.0 and 7.0.  (1:25 dilutions with either water or equivalent salt
               solution)



78

pH 3 Water Dilutions

time (2 s)

0 20 40 60 80 100 120 140 160

su
rf

ac
e 

te
ns

io
n 

(m
N

/m
)

45

50

55

60

65

70

75
pH 7 Water Dilutions

time (2 s)

0 20 40 60 80 100 120 140 160

su
rf

ac
e 

te
ns

io
n 

(m
N

/m
)

45

50

55

60

65

70

75

pH 3 Salt Dilutions

time (2 s)

0 20 40 60 80 100 120 140 160

su
rf

ac
e 

te
ns

io
n 

(m
N

/m
)

45

50

55

60

65

70

75

control
0.010 M CaCl2
0.100 M CaCl2
0.400 M CaCl2

pH 7 Salt Dilutions

time (2 s)

0 20 40 60 80 100 120 140 160

su
rf

ac
e 

te
ns

io
n 

(m
N

/m
)

45

50

55

60

65

70

75

Figure 6:  Typical dynamic surface tension measurements for CaCl2 treatments

                 at pH 3.0 and 7.0.  (1:25 dilutions with either water or equivalent salt
                 solution) 


