
  

ABSTRACT 

BERRY, TRISTAN KENDRICKS.  Foaming Properties, Interfacial Properties, and 
Foam Microstructure of Egg White Protein and Whey Protein Isolate, Alone and in 
Combination.  (Under the direction of E. Allen Foegeding.) 
 

Egg white protein (EWP) is the standard for culinary foams with its ability to 

form foams with high volume (overrun) and stability.  Whey protein isolate (WPI), a 

by-product of the cheese-making process, contains at least 90% protein and 

produces foams with a similar overrun that could potentially replace EWP foams in 

food products.  In this work, foaming properties, interfacial properties, and 

microstructure of WPI, EWP and combinations of the two, were compared in foams 

and food systems.   

Physical properties of foams (overrun, drainage time, and yield stress), cakes 

(volume), and air/water interfaces (surface tension) were investigated, prepared with 

10% (w/v) protein of EWP, WPI, or combinations of the two.  Progressive 

substitution of WPI with EWP did not cause major changes in foam overrun, but the 

incorporation of 12.8% (w/v) sucrose reduced the amount of air incorporated into 

foams.  The addition of sucrose showed a large increase in drainage time for foams 

made with 100% EWP, but exhibited little impact on drainage time in foams made 

with WPI and WPI/EWP combinations.  This increase cannot be explained by an 

increase in viscosity, as all protein combination solutions showed similar viscosities.  

Surface tension measurements calculated using a contact angle goniometer showed 

that WPI/EWP combinations followed the temporal pattern of 100% WPI, while 

100% EWP decreased to a lower surface tension, indicating that WPI may be 

dominating the interface when both proteins are present.  Angel food cakes 



  

produced with and without sugar resulted in high volume cakes only in the presence 

of sugar and at levels of 25% WPI/ 75% EWP or 100% EWP, leading to the 

hypothesis that sugar and at least 75% of EWP needs to be present to stabilize cake 

volume.  However, although 25% WPI/75 % EWP cakes had volumes similar to 

100% EWP, addition of WPI showed a change in cake texture, resulting in a coarser 

bubble structure and concave shape.  This corresponds with the hypothesis that 

WPI dominates the bubble interface in mixtures of WPI and EWP. 

Confocal microscopy was used to characterize foam microstructure and 

quantify bubble size distributions of foams produced from WPI, EWP, and 

combinations of the two.  Images taken with a confocal microscope were analyzed 

for bubble area and bubble shape factor using image analysis software.  Bubble 

count per unit area was used as a parameter estimating total bubble surface area. 

The yield stress model suggested by Princen and Kiss (1989) fit bubble count per 

unit area, surface tension, and yield stress data values for foams made with EWP, 

WPI, and combinations of the two.  WPI and WPI/EWP combination foams showed 

a linear relationship, while EWP foams deviated from the pattern, exhibiting a higher 

yield stress.  This confirmed that WPI/EWP mixtures behaved similarly to WPI and 

differently than EWP.   Microstructural examination using a confocal microscope 

equipped with a heating stage showed that EWP foams containing sucrose formed a 

network at a lower temperature (~55°C) than WPI and WPI/EWP combination foams 

containing sucrose.  Also, angel food cake batters containing 100% EWP formed a 

stable network during heating, while WPI and WPI/EWP combination cake batters 

showed similar destabilization, which resulted in large air bubbles.  These results 



  

suggest that foams produced from a combination of WPI and EWP more closely 

resemble WPI foams, indicating that WPI may dominate the interface in foams 

where both proteins are present.   
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CHAPTER 1 

REVIEW OF LITERATURE 

General Foam Applications 

Foams are defined as the incorporation of gas into a solid or liquid phase.  

Although structurally complex, foams are commonly encountered in every day life.  

Foods are filled with foams, from cakes and breads to champagne, beer, meringues 

and ice cream.  Shaving cream, foaming hand soap, bubble bath foam, hairstyling 

mousse, and the foam created with dishwashing liquid in a sink full of water are 

several non-food foams observed on a daily basis (Schramm, 2005).  In addition, 

foams can function as insulation applied inside walls or on roofs.  These foams 

generally last much longer than the more transient personal hygiene related foams, 

with applicators guaranteeing the foam insulation for up to 10 years.  NASA also 

utilizes foam as insulation for the external fuel tanks of its space shuttles.  The foam 

protects fuel from the extreme heat of the accelerating space shuttle and prevents 

ice from building up on the outside of the tank (Zarembo, 2005).  Foams used as 

temporary sanitary landfill “blankets” not only prevent erosion and wind distribution 

of landfill content, but also stifle odor emission and deter scavenging pests.  Since 

foams are collapsible, incorporation into landfill layers minimizes volume occupied 

by foam compared to a traditional soil cover (Schramm, 2005). 

 Foam has more noble applications as well.  Foams have been used for fire-

fighting for at least a century and are especially utilized in fires fueled by petroleum-

based liquids (Schramm, 2005).  By creating a barrier between the flame and 

oxygen, foams are effective at quenching fires (Alsaati et al, 2003).  Fire-fighting 
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foams are generally composed of a concentrated surfactant solution in water, which 

is mixed with about 75 to 97% air (Schramm, 2005).  Various surfactants are utilized 

depending on the type of fire.  Proteins have been studied for their potential to 

replace ozone-depleting halons widely used in foam fire extinguishers.  Research 

showed that egg albumin solutions with a low pH and high protein concentration 

produced foams that quickly stifled fires (Alsaati et al, 2003).  Also, the prospect of 

using masks (similar to gas masks) to allow people to break a fire-fighting foam, 

using breathable air trapped inside to foam for respiration, is another advantage for 

using protein foams for fire fighting (Ackermann et al, 2003).   

“Anti-terrorism” foams are developed to neutralize dangerous agents of 

chemical and biological warfare, such as anthrax.  The unique properties of foam, 

such as being sprayed from a small canister, incorporating air and expanding to fill 

each gap, and draining back down to a liquid in a few hours, shows this system to be 

a logical choice for anti-terrorism purposes (Ouellette, 2002).  Also, non-toxic foams 

can be used immediately, even before evacuation of an infected area.  Anti-terrorism 

foams usually have very specific detergents, oxidizing agents, and/or enzymes to 

deactivate the warfare agent of interest (Schramm, 2005). 

 

Food Foam Applications 

 Food foams are commonly encountered in everyday life, yet little thought 

generally goes into the complexity of these systems.  In fact, most consumers do not 

realize ice cream contains up to 50% air, and therefore is considered a foam 

(Campbell and Mougeot, 1999)!  Champagne and sparking wines have air bubbles 
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incorporated into the liquid due to carbonation from a second fermentation process.  

Proteins and polysaccharides present in the wine allow foam formation.  Foam is 

significant in the consumer acceptance of beer, as the “head” formed during pouring 

should have certain characteristics.  Some characteristics important to consumers 

are foam stability, quantity, and “creaminess” (bubble texture), and much research 

into the complex beverage system has gone into controlling these characteristics 

(Schramm, 2005).  Breads and cakes have air incorporated into their structure, 

which is then baked to extend the foam’s lifetime.  Meringues are also baked to add 

stability.  Ice cream has air incorporated to give the desired texture.  Many 

confectionary products are aerated, such as nougat, marshmallows, aerated 

chocolate bars, and whipped cream products.  Including air helps modify texture, 

add volume, and alter appearance in confections (Cooke, 2006).  

 Egg white has been a mainstay for many culinary aerated products.  The 

identity of the foaming agent is even incorporated into the culinary definition of some 

food foams.  Table 1 shows the culinary definition of several food foams as defined 

by Webster’s New World Dictionary of Culinary Arts (Labensky et al, 1997). 
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Table 1: Definition of some culinary food foams (Labensky et al, 1997) 

Culinary foams  Definition 

soufflé   "a dish made with a custard base lightened with whipped 
egg whites then baked" 

mousse   French for "foam", "a soft, creamy food…lightened by 
adding whipped cream, beaten egg whites or both" 

angel food cake   "a light, airy cake made without egg yolks for other fats; its 
structure is based on the air whipped into the egg whites" 

meringue   "mixture of stiffly beaten egg whites and sugar" 

meringue soft meringue made with equal parts egg white and sugar; 
used to top a cake or pie 

  hard meringue made with at least two parts sugar to egg white; 
can be shaped and baked into cookies or nests 

 Italian  incorporates hot sugar syrup into egg white; can be used 
as a shiny topping for cakes 

 Swiss  combination of egg white and sugar, heated up to 140°F 
then whipped 

 

  These are just some examples of aerated food products, which are met with high 

regard in the culinary field.  A complex, fragile dish, such as a soufflé or meringue, is 

a testament to the skill of the chef (Campbell and Mougeot, 1999).   

While food foams are associated with upper tier quality, the main purpose of 

aerating a food product is usually to alter the product’s texture.  The incorporation of 

air decreases density, transforming its mouthfeel (Campbell and Mougeot, 1999).  

Adding air gives creaminess to mousse, lightens a soufflé’s texture, and gives angel 

food cake its characteristic light-as-a-feather quality; all properties so essential to the 

food product that they are included in the culinary definition. The transformation from 

a solution to a foam also often alters the rheology of a food product.  Rheology 
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focuses on the relationship between a force acting on a substance and its resulting 

deformation; simply put, it is the study of how systems behave when work is applied 

(liquids might flow, solids may bend) (Walstra, 2003).  A mixture of egg whites and 

sugar flows easily, but after whipping into a hard meringue, it can be shaped into 

cookies, nests, or other desired shapes (Campbell and Mougeot, 1999).  Variation in 

the rheology of hard and soft meringues specially suits each type for its unique 

purpose.  

 Aerated confectionary products are often created utilizing a foaming agent in 

sugar syrup, which is whipped to form a frappé.  Several different foaming agents 

can be used, including egg white, milk proteins (including milk proteins, whey 

proteins, and caseins), soy proteins, and gelatin (Campbell and Mougeot, 1999; 

Johnson, 2006).  A foaming agent is selected for confectionary products based on its 

individual benefits and desired function in the product.  Egg white protein allows a 

great volume of air to be incorporated into the product, but is best for products with a 

shorter shelf life as it does not last well over time.  Milk protein can be used to 

produce stable confections, although less air may be incorporated.  Soy protein is 

heat stable and versatile, allowing it to work in a wide variety of confections.  Gelatin 

generates the most stable foams and yields an assortment of foam textures 

(Johnson, 2006).  The optimal confectionary whipping agent should be selected 

based on processing parameters and desired end product texture and shelf-life.  
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Foam Generation 

Foam formation can utilize a variety of methods to incorporate air into an 

aqueous solution.  Mechanical dispersion techniques, such as whipping and 

shaking, are used to create foams (Pugh, 1996).  This involves forcing a liquid phase 

around an external gas, and is used in food products such as egg foams, cake 

batter, and whipped cream (Campbell and Mougeot, 1999).  Whipping initially 

produces large bubbles, which are subsequently elongated and broken into smaller 

bubbles with continued whipping (Prins, 1988).  Mechanical dispersion techniques 

are the most commonly used foaming method in the food industry but involve little 

control over the amount of air incorporated into the foam (Pugh, 1996; Wilde and 

Clark, 1996).  A method called sparging allows more accurate quantification of air 

flow.  Sparging utilizes a flow of gas passing through an orifice and producing 

bubbles in solution.  The bubbles rise to the top of the solution forming a foam 

(Pugh, 1996).  Gas injection is a type of sparging, and is used in food products such 

as injecting carbon dioxide in soda or air into ice cream.  A third method used for 

aerating food products involves generation of gas in situ.  Gas can be generated 

through a fermentation process (such as in yeast breads or wine) or leavening may 

be used to encourage gas bubbles (such as in some cakes) (Campbell and 

Mougeot, 1999).  The food industry uses a pressure change to produce foams in a 

solution supersaturated with gas.  When pressure is lowered, the gas is freed from 

solution, a phenomenon observed when opening a bottle of soda or beer (Pugh, 

1996).   
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 Several factors can affect the lifetime of foams, which are inherently 

thermodynamically unstable.  Some foams, such as the foam in a glass of 

champagne, may only last for a lifetime of seconds, while other aerated products like 

ice cream can last for a year or more.  The rheology of the food product has a 

significant impact on the lifetime of a foam, with low viscosity liquid foams having 

much less stability than solid foams.  Therefore, one way to preserve foams and add 

greater stability is to modify the flow characteristics of the foam.  For example, 

whipped egg whites survive as a foam for a matter of hours.  However, with the 

addition of sugar before whipping and drying the foam in an oven, the foam is 

transformed into a solid meringue state with a lifetime of months or years.  In angel 

food cakes, a foam batter (with a short lifetime) is transformed into a solid structure 

during baking through protein denaturation and starch gelatinization.  An angel food 

cake can last for up to weeks, with its structure outlasting its sensory qualities 

(Campbell and Mougeot, 1999).   

 

Foaming Stabilization and Destabilization 

 While foams are quite complex, the basic questions to understand foams are 

simple, no matter what type of foam is involved.  The most important aspects of 

foaming are how foams are formed, how the bubbles are stabilized, and how foams 

are destabilized (Murray, 2007).  A variety of molecules are able to stabilize foams.  

Some of the major properties necessary for foam formation and stabilization include 

the ability to adsorb rapidly at the air-water interface, go through a quick 
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conformational change at the interface, and interact with neighboring molecules to 

form a cohesive film (Campbell, 2003). 

 Low molecular weight surfactants (LMWS) are small molecules that include 

both hydrophobic and hydrophilic portions.  When involved in foam formation, these 

small molecules can quickly migrate to the air-water interface and orient themselves 

with the hydrophobic portion towards the air bubbles.  If the film between two 

bubbles begins to thin, LMWS can rapidly diffuse to the thin areas, thickening the 

film and stabilizing the bubbles (Wilde and Clark, 1996). 

 Proteins are easily the most utilized foaming agents in the food industry.  

They adsorb strongly at the air-water interface, where the protein unfolds.  

Hydrophobic amino acid residues within the protein orient themselves toward the 

gas phase while hydrophilic portions of amino acids locate themselves in the 

aqueous phase.  Because proteins usually have multiple hydrophobic sites, they 

adsorb strongly at the interface with little chance of spontaneous desorption, which 

is a risk for LMWS.  Unfolded proteins can also interact with other protein molecules, 

forming a film at the interface.  Measuring the strength of the film using surface 

rheology has been helpful in predicting stability against foam destabilization 

mechanisms such as coalescence and disproportionation (Murray, 2007). 

Previous research on foaming surfactants assembled a peptide that switched 

between behaving like a LMWS (such as sodium dodecyl sulfate) and a protein 

(similar to β-lactoglobulin) depending on the condition of the solution (pH, metal ions 

available).  Initially, the surfactant-type foam showed higher quality than the protein-

type foam with smaller bubbles and more liquid held in the foam.  The small 
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molecules reached the interface and lowered surface tension quickly during foam 

formation.  However, the surfactant-type foam was only stable for minutes, 

compared to the protein-type foam, which had a lifetime of hours.  The protein type 

foam had the ability for form elastic films at the air-water interface, which were 

necessary for foam stability (Malcolm et al, 2006). 

 Two main types of foams exist based on the volume fraction of gas 

incorporated into the liquid.  One type is a bubbly foam, which has a lower amount of 

gas and spherical bubbles.  The other type of foam that occurs with higher gas 

volume fractions is a polyhedral foam.  In a polyhedral foam, the bubbles are so 

closely packed together that they become non-spherical, forming a honeycomb-like 

structure.  The geometry of polyhedral foams has a big impact on the foam stability 

(Prins, 1988; Murray, 2007).  Polyhedral foams consist of thin films between 

bubbles, with the area where three films intersect called a Plateau border.  Capillary 

pressure keeps liquid inside the Plateau border.  Drainage is the destabilization 

process that results from the pull of gravity on the liquid found in the thin films and 

Plateau borders of the foam (Prins, 1988).  When the film between two bubbles 

drains, the film thins and eventually ruptures.  This leads to two bubbles becoming 

one bubble, a destabilization process called coalescence (Damodaran, 2005). 

 Another type of destabilization found in foams is disproportionation.  

Disproportionation is the movement of gas from small bubbles to larger bubbles.  

The Laplace equation for pressure difference between a dispersed and continuous 

phase is given in Equation 1 (Damodaran, 2005): 
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r
P γ2
=Δ      Equation 1 

where ΔP is pressure difference, γ is interfacial tension, and r is gas bubble radius.  

The Laplace equation indicates that smaller bubbles have a greater pressure 

difference than larger bubbles (Damodaran, 2005).  Since gas solubility is 

proportional to pressure, gas is more soluble around smaller bubbles in the foam.  

Disproportionation occurs when gas diffuses from small bubbles to large bubbles, 

and the self-accelerating process continues as the small bubbles shrink (Prins, 

1988).   

Disproportionation is difficult to quantify in polyhedral foams due to difficulty in 

measuring bubble size distributions (Ettelaie et al, 2003).  Instead, disproportionation 

has been studied in systems observing individual bubbles (Dickinson et al, 2002) 

and pairs of bubbles (Ettelaie et al, 2003) near a planar air-aqueous phase interface.  

While these systems may not be representative of actual foams and food products, 

research found that initial size differences in neighboring bubbles resulted in 

different bubble shrinkage rates.  Observing various bubble starting positions 

showed that diffusion between neighboring bubbles influenced changes in bubble 

size distribution (Ettelaie et al, 2003).  Research has found that disproportionation 

occurs between bubbles in the same region but also results in the transfer of gas 

from bubbles in lower regions to higher regions of the foam (Jang et al, 2006).  

Attributes such as a high viscosity or solid bulk phase (such as a cake after baking) 

can mechanically inhibit disproportionation (Dickinson et al, 2002). Theoretically, a 
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strong interfacial film formed by protein around air bubbles should be able to prevent 

or at least greatly reduce disproportionation (Damodaran, 2005).  However, research 

has found that even highly viscoelastic films do not stop disproportionation but only 

slow it down slightly (Dickinson et al, 2002; Du et al, 2003).  Disproportionation has 

been observed as a destabilization mechanism in foams produced from a 

combination of egg white and invert sugar (Lau and Dickinson, 2005).   

 
Measuring Foaming Properties 

Protein foams are complex structures which fluctuate depending on countless 

variables.  The concentration of protein in solution and the method of hydration can 

impact foaming properties (Phillips et al, 1990).  Previous research found a decrease 

in the rate of drainage in both ovalbumin and WPI foams when protein concentration 

increased (up to 16% protein).  Also, an increase in overrun up to a maximum (at 

about 8% protein) was shown when protein concentration increased for both types of 

protein foams.  Increased viscosity with increasing protein concentration could 

explain the changes, as the overrun decrease at high protein concentrations could 

be due to lower protein solubility (Britten and Lavoie, 1992).  When whipping a foam, 

the initial volume of protein solution (especially in relation to bowl volume and 

geometry) affects the amount of air incorporated.  The mixer used to produce the 

foam is also very important.  Number and type of beaters, type and size of bowl, 

beating speed, and even mixer model should be kept constant to produce consistent 

foams.  Also, foams tend to change rapidly with time, so subsequent measurements 

should be made in a consistent, prompt fashion (Phillips et al, 1990).  The need for 
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standardized methods becomes obvious if data is to be compared between 

researchers or laboratories.  The following are some common methods used for 

characterizing foams. 

 

Drainage Time/ Foam Stability 

Foam stability (or drainage time) can be quantified in several ways.  

Generally, a more stable foam has a longer drainage time, which quantifies the 

destabilization process of gravity pulling on the solution present in the bubble 

lamellae.  One method of quantifying foam stability involves measuring the time 

necessary for half of the foam’s mass to drain (Phillips et al, 1987; Wilde and Clark, 

1996).  A foam is whipped in a bowl equipped with a 0.6 cm hole.  Immediately after 

whipping, the hole is uncovered and the bowl in placed on a ring stand above a 

scale.  Over time, liquid drains into a weigh boat on the scale and the amount of time 

necessary for half the mass to drain is recorded as drainage time (Phillips et al, 

1987).  Another expression of foam stability is the foam to drainage liquid volume 

ratio after a certain period of time.  A simple measurement of the amount of liquid in 

a foam by monitoring the liquid-foam boundary over time quantifies foam stability 

(Wilde and Clark, 1996).  Conductivity can also be used for measuring foam 

drainage.  The initial conductivity of the liquid is recorded, and as the foam is 

formed, the conductivity decreases as the liquid level is reduced.  Conductivity 

measurements over time should increase with increasing liquid level, providing a 

measure of foam stability (Wilde and Clark, 1996). 
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 Whipped egg white protein has been found to show a decrease in foam 

stability with increasing whip times.  It is thought that the ovomucin-lysozyme 

complex that aids in the initial foam formation in the initial 5 to 10 minutes of 

whipping is insoluble and thus greater complex formation after 15 minutes of 

whipping increases the rate of drainage (Phillips et al, 1987).   

 

Overrun 

Overrun is the measure of the amount of air incorporated into a foam.  It can 

be quickly calculated using the equation:               Equation 2 

Overrun (%) = (weight of 100 mL protein solution – weight of 100 mL of foam) x 100 
     (weight 100 mL of foam) 
 
A standardized method of overrun calculation simply involves a weigh boat holding 

100 mL.  The weight of protein solution required to fill the weigh boat is measured, 

and after whipping, foam is gently scooped out of the bowl and placed in the weigh 

boat.  Incorporation of large air bubbles is avoided and the top of the weigh boat is 

leveled off.  The weight of the foam is then entered into overrun calculations (Phillips 

et al, 1987). 

Overrun is dependent on the foam whipping time.  Overrun of a high sugar 

egg white mix increased steeply in the first few minutes of whipping due to large air 

bubbles incorporated into the foam.  The large air bubbles were broken down into 

smaller bubbles during 5 to 10 minutes of whipping, which caused a decrease in 

overrun.  After 10 minutes, the overrun hit a plateau, showing little change in total air 

incorporated (Lau and Dickinson, 2004).  Generally relatively long whipping times 
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allow more unfolding of the egg white proteins, which leads to greater interactions 

(and a more elastic film) at the air bubble interface.  However, extended whipping 

times can lead to overbeating of egg white, which occurs when proteins coagulate 

excessively at the interface, form insoluble aggregates, and disrupt the foam 

structure.  This can lead to a less stable foam and reduction in overrun (Lau and 

Dickinson, 2004).   

 

Yield Stress 

While overrun and foam stability are the most common properties measured 

to characterize a foam, yield stress is also of importance.  Yield stress is a type of 

rheological measurement, and is related to the “peak stage” mentioned in culinary 

recipes.  When whipping egg whites, a recipe may state to whip until hard (or soft or 

medium) peaks are formed, this reflects the ability of a foam to hold its shape.  If the 

correct stage is not obtained, the finished product will probably be of low quality 

(Pernell et al, 2000).  In scientific terms, yield stress is defined as the point at which 

the foam transitions from behaving like an elastic solid to behaving like a liquid when 

subjected to a deformation (Princen and Kiss, 1989).  An everyday illustration of 

yield stress is found when ketchup takes a few minutes to begin flowing from a 

bottle.  Initially the product is behaving like a solid, but under enough stress it flows 

like a viscous liquid. 

 A quick, easy, and reliable method for measuring yield stress of protein foams 

utilizes a vane attached to a rotational rheometer (Pernell et al, 2000).  The yield 

stresses of other food products, including mayonnaise, mustard, ketchup, 
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applesauce, and tomato puree, have been successfully measured using the vane 

method (Genovese and Rao, 2005).  For measurement of foam yield stress, a vane 

is carefully inserted until the top is level with the foam, then vane rotation begins.  

The maximum torque is recorded and using the dimensions of the vane, yield stress 

can be calculated according to the following equation: 

Equation 3 

 

where τ0 is yield stress, M0 is maximum torque, and h and d are vane height and 

diameter.  Some advantages of using the vane method for determining foam yield 

stress are minimal disruption to the foam structure, elimination of wall slip, and rapid 

measurements, which are important for time dependent foams (Pernell et al, 2000). 

 Yield stress has been modeled based on the following equation (Princen and 

Kiss, 1989): 

Equation 4 

where γ is interfacial tension, Φ is gas volume fraction, R32 is surface-volume mean 

drop radius and Y (Φ) is an experimentally derived parameter.  Of these variables, 

overrun measures the gas volume fraction of the foam, but quantifying bubble size 

distributions is important to fully understand the mechanisms behind yield stress.   

 

Bubble Size Distributions and Image Analysis 

Quantifying bubble size is important to understanding the structure of a foam.  

Bubble size influences mechanical flow properties, foam stability, and even 

appearance of foams.  Measuring bubble size distributions is not as common as 
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measuring gas volume fraction (overrun) mainly due to difficulty in acquiring the 

needed microstructural data (Labbafi et al, 2007).  Routine bubble size 

measurements are difficult for several reasons, including the fact that diluting foams 

does not work well, foams are thermodynamically unstable, and foams tend 

continuously change through creaming, coalescence, or disproportionation (Murray, 

2007).  The fact that foams continuously change in both space and time make 

bubble size distributions particularly difficult to quantify (Dickinson et al, 2002). 

Numerous methods have been explored to tackle the complex problem of 

quantifying foam structure.  Methods such as magnetic resonance imaging (MRI) 

and multiple light scattering using fiber optics have been used to view foams over 

time (Pugh, 2005; Rouimi et al, 2005; Wang and Narsimhan, 2006).  Optical 

tomography, a technique involving imaging thin slices of a translucent foam then 

using software to combine the images into a 3-D reconstruction, has been used to 

compare wet and dry foam structures (Pugh, 2005).  X-ray tomography is similar in 

method, employing x-rays to pick up density differences within a sample.  Samples 

of aerated food products were reconstructed in three dimensions slice by slice, then 

parameters such as bubble size distribution and cell wall thickness were analyzed 

successfully (Lim and Barigou, 2004). 

Optical microscopy is the most prevalent method for foam image analysis and 

bubble size quantification in the food industry (Labbafi et al, 2007).  Confocal 

microscopy is a useful technique for imaging foams (Murray, 2007).  Images 

acquired using confocal microscopy have been analyzed for object dimensions 

(such as area, length, or perimeter) or shape (like shape factor) by thresholding the 
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image so the objects stand out against a background.  Then commercial image 

analysis software can be used to calculate desired parameters (Ferrando and 

Speiss, 2000).  Confocal microscopy has been used to image whipped cake batter, 

with measurements of air bubble area, diameter, area fraction of air, and estimates 

of surface area per unit volume (Richardson et al, 2002).  Egg white and invert sugar 

foams were imaged using confocal microscopy focusing on a single frame over time 

to track the changes in selected individual bubble diameters (Lau and Dickinson, 

2005).  Because these foams had a high solids content, they were stable over long 

periods of time and suitable for time lapse imaging. 

Other imaging methods utilize optical microscopy other than confocal.  An on-

line image capturing method for food foams (white sauce, fresh cheese, ice cream, 

whipped cream) has been developed which involves foams passing through a quartz 

visualization cell under a phase contrast microscope.  The images were 

subsequently analyzed using software, and the bubble diameter (assuming a 

spherical shape), elongation ratio (length to width relationship), and circularity 

(irregularity from a perfect circle) were collected (Labbafi et al, 2007).  Denatured β-

lactoglobulin foams were viewed using a reversed phase light microscope and 

processed with image analysis software (Bals and Kulozik, 2003).  Sponge cake 

batter was imaged using a light microscope, with a batter layer flattened between a 

slide and cover slip.  The equivalent circle diameter of the flattened air bubbles was 

calculated along with the equivalent sphere volume (Sahi and Alava, 2003).  A light 

microscope equipped with a heating stage was used to image cake batter while 

heating (simulating a baking process) with similar image analysis (Pateras et al, 
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1994).  Digital and video cameras have been used to capture foam images, which 

were then transferred to a computer and analyzed using image analysis software.  

The foam images were enhanced, transformed into two dimensions, and the bubble 

size distributions were measured (Hicasmaz et al, 2003; Pugh, 2005; Murray et al, 

2005).  Foams produced from ice cream mixes in a glass column were analyzed for 

mean bubble diameter at different heights.  The thicknesses of plateau borders 

touching the glass column were also analyzed.  This was used to determine the size 

of fat particles that could exist within the film without inducing bubble coalescence 

(Eisner et al, 2007).  A unique method for measuring bubbles in an ovalbumin 

solution utilized a capillary tube with a slight vacuum placed in the foam.  When 

liquid and gas bubbles traveled into the tube, bubbles passed through two pairs of 

infrared phototransistors, which detected the length of the deformed bubbles.  

Corrected bubble size and gas volume fractions were calculated (Du et al, 2003).   

Several challenges exist in relation to analyzing foam images from 

microscopy.  Foam bubbles obtained from optical microscopy and used in image 

analysis are often not spherical but polyhedral in shape.  However, previous work 

has assigned the polyhedra an average diameter as if spherical (Pugh, 1994).  Other 

dimensions previously quantified using image analysis on cake batter are area of air 

bubbles and shape factor (which measures deviation from a perfect sphere) 

(Hicasmaz et al, 2003).  Another debatable issue is the number of bubbles or frames 

that need to be analyzed for strong data.  Previous published work has imaged 5 

images per treatment (Pateras, 1994); 5 images per treatment, for a total of at least 

100 bubbles (Hicasmaz et al, 2003); 16 images per sample (Sahi and Alava, 2003); 
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5-10 images per sample, with an average of 300 bubbles (Bals and Kulozik, 2003); 5 

images per treatment, with an average of at least 500 bubbles total (Labbafi et al, 

2007); and 200 to 300 bubbles per treatment (Wang and Narsimhan, 2006).  Others 

have repeated experiments in duplicate (Eisner et al, 2007) or in triplicate 

(Richardson et al, 2002).  Other challenges associated with confocal microscopy 

image analysis have been met by excluding “bubbles” with an area of less than 50 

pixels (noise) and only including bubbles touching the border on two sides, but not 

those touching the other two sides of the image (Richardson et al, 2002).   

Bubble size distributions can be useful when trying to identify the main 

destabilization mechanism in foams over time.  Coalescence generally shows larger 

bubbles appearing.   Disproportionation results in a bimodal distribution as the large 

bubbles grow at the expense of smaller bubbles (Pugh, 1994).   

 

Confocal Microscopy 

Confocal laser scanning microscopy (CSLM) is a type of light microscopy that 

can image very thin optical sections of a thick specimen.  A scanning laser beam 

illuminating the sample and pinhole which eliminates light from areas of the 

specimen other than the focal plane are two unique components of this microscope 

system.  The resulting images are sharp and allow for 3-D reconstruction of samples 

(Foster, 1997).  Other advantages of using a confocal microscope include the ability 

to image live cells non-invasively using optical sections, high sensitivity to 

fluorescence, high resolution, ability to label multiple structures, and digital images 

suitable for further image processing or analysis (Hibbs, 2004). 
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The idea for a confocal microscope was initially patented by Marvin Minsky in 

1957, but it took several decades, and the invention of lasers and computers, before 

confocal microscopy made an impact (Hibbs, 2004; Sheppard and Shotton, 1997).  

The first commercial confocal microscopes appeared in the late 1980s and were met 

with excitement from the biological research community, as this type of microscope 

could image live cells.  These early microscopes were quite slow in image 

processing, but today numerous improvements (including more fluorescent probes 

and computer upgrades) have brought confocal microscopy to the forefront (Hibbs, 

2004).  

In essence, CSLM is light microscopy with the addition of lasers and a 

pinhole.  A laser scans a specimen in a raster pattern (across horizontally, and then 

down).  The laser is reflected from a dichroic mirror (which reflects light of a certain 

wavelength, but allows longer wavelengths to pass through) to an objective lens, 

which focuses the laser into the sample.  The fluorescence in the sample is excited 

by the laser, and emitted light (which is of a longer wavelength) passes through the 

dichroic mirror, passes through a pinhole, and travels to a detector (a 

photomultiplier) which then sends the information to a computer to produce an 

image (see Figure 1). 
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Figure 1:  Confocal Microscope Pathways (Fellers and Davidson, 2007) 

The pinhole is of utmost importance.  Only light emitted from the focal plane 

will pass through the pinhole to reach the detector; light from planes above or below 

the focus will fall short or long of passing through.  The elimination of out-of-focus 

light is the reason for the clear optical sectioning obtained from confocal microscopy 

(Ferrando and Spiess, 2000).   

Visualizing the microstructure of food products is useful to the food industry 

when improving existing products, creating novel foods, and altering properties of 

products derived directly from plant and animal tissue.  Confocal microscopy is 

especially useful in visualizing microstructure because, unlike many techniques, the 

non-invasive preparation produces few artifacts and can be used on physiologically 

active structures.  Emulsions are good specimen for confocal microscopy, and 

visualizing the emulsion droplet size and structure is helpful in developing low fat 

products (such a margarines, cheeses, and meat emulsions).  Plant tissues (such as 

potato, apple, and onion) can be imaged to give more information about the cells 
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and distribution of structural elements and macromolecules (Ferrando and Spiess, 

2000).   

Confocal microscopy has been used to further understand the microstructure 

of many food products in the last decade.  Confocal microscopy was used to 

visualize bubbles in an aerated high sugar egg white system, showing changes in 

bubble density and bubble size distributions as well as indicating the extent of 

protein associated with the bubbles (Lau and Dickinson, 2004). Some previous 

products whose microstructure has been imaged using confocal microscopy include 

those listed in Table 2.  The popularity and wide ranging utility of confocal 

microscopy is evident from the microstructural imaging of these extremely diverse 

food products. 
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Table 2: Foods involved in microstructural imaging using confocal microscopy 
Foods imaged using confocal microscopy Reference 

Fresh fruits and 
vegetables 

carrots, celery, cucumbers, and apples Alvarez et al, 2000 

yams Durrengerger et al, 
2001 

Bread products 

wheat dough and fresh wheat bread Durrengerger et al, 
2001 

wheat gluten and sourdough bread model 
systems  Schober et al, 2003 

gluten-free sorghum bread  Schober et al, 2007 

Cheese products 

processed cheese Mounsey and 
O’Riordan, 2008 

cheddar cheeses with differing fat contents Gunasekaran and 
Ding, 1999 

Mozzarella cheese Auty et al, 2001 

Meat products 

ostrich meat product “Yor” (Thai sausage)  Utaiwan et al, 2007 

chicken meat gels  Trespalacios and Pla, 
2007 

rice-flour battered chicken drumsticks  Mukprasirt et al, 2000 

Starch 

starch granules, both native and after 
gelatinization Velde et al, 2002 

granule-associated proteins within starches Han and Hamaker, 
2002 

Gels 

WPI and xanthan gum gels Bertrand and Turgeon, 
2007 

β-lactoglobulin stabilized emulsion gels Kerstens et al, 2006 

β-lactoglobulin/ β-carrageenan mixed gels Ould-Eleya et al, 2006 

β-lactoglobulin/ amylopectin gels Olsson et al, 2002 

Other 

cooked spaghetti  Durrengerger et al, 
2001 

milk chocolate  Auty et al, 2001 

mayonnaise  Langton et al, 1999 

. 
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Egg White Protein  

 Eggs are the historical gold standard used in many culinary applications.  The 

three most recognized uses of eggs are heating of eggs so they coagulate or solidify 

as in cakes and breads, utilizing egg yolk components as an emulsifier for 

mayonnaise, sauces, and dressings, and whipping egg white to incorporate air into 

products such as angel food cakes and meringues (Lomakina and Mikova, 2006).   

Many different proteins make up egg white, and lend to its unique functional 

properties, namely foaming ability.  The major protein, ovalbumin, makes up about 

54% of egg white proteins by weight.  Ovalbumin has a molecular weight of about 

45,000 Da and an isoelectric point at a pH of 4.6-4.8.  It possesses four free 

sulfhydryls and one disulfide bond.  Ovalbumin easily denatures with heat treatment 

or with shaking or whipping (Ternes, 2001).  Ovalbumin alone produces foams after 

a longer beating time and with a coarse structure (Dickinson, 1992).  An angel food 

cake prepared with ovalbumin showed a texture slightly tougher than a control 

prepared with egg white (Johnson and Zabik, 1981b).  If ovalbumin is removed from 

egg white, the resulting foam collapses upon baking, indicating the role of the main 

protein in providing thermal stability in the transition from a liquid to a solid foam 

(Dickinson, 1992).  

 Despite widespread use and research on egg whites, knowledge on the 

minor proteins in egg white is far from complete.  Guerin-Dubiard and others (2006) 

recently identified 16 unique proteins in egg white and found 3 unidentified proteins, 

while an even more up-to-date study found 78 egg white proteins (Mann, 2007).  

Several of the main minor egg white proteins are conalbumin, ovomucoid, globulins, 
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lysozyme, and ovomucin (Mine, 1995).  Conalbumin makes up about 13% of egg 

white proteins, has the ability to bind ions, and has the lowest heat denaturation 

temperature of egg white proteins (60°C) (Ternes, 2001).  Using conalbumin alone 

to produce angel food cakes resulted in a low volume cake with a tough texture.  

Ovomucoid had the greatest capacity for lowering surface tension, but showed poor 

foaming ability and low volume cakes (Johnson and Zabik, 1981b).  However, 

ovomucoid is very thermostable, and thus is thought to assist in stabilization of 

thermal transitions during baking (Ternes, 2001).  Globulins alone exhibited the 

greatest foaming capacity, which resulted in cakes with the highest volume and a 

texture similar to an egg white control cake.  Lysozyme had low foaming ability on its 

own and makes low volume, tough cakes.  Ovomucin showed the highest viscosity 

of all the egg white proteins, but showed little foaming ability on its own (Johnson 

and Zabik, 1981b). 

Previous research by Johnson and Zabik (1981a) focused on various 

combinations of egg white proteins analyzed using a response surface methodology.  

Foaming ability increased with increasing ovomucin and decreasing lysozyme 

concentration.  However, angel food cake volume showed the opposite effect, 

increasing with increasing lysozyme and decreasing ovomucin content.  The optimal 

levels of ovomucin and lysozyme were found to be 0.2-1% and 0-1.8% respectively, 

as opposed to the normal levels in egg white of about 1.5% and 3.5% (Johnson and 

Zabik, 1981a).  Ultrastructural examination of foams revealed that lysozyme 

strengthens egg white foams, resulting in less rupturing and a more flexible film.  

Ovomucin appeared to increase viscosity of the foaming solution but refrains from 
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forming a continuous layer, indicating that ovomucin does not form intermolecular 

associations (Johnson and Zabik, 1981c).  Overall, the outstanding foaming 

properties of egg white appear to be the result of interactions between the individual 

proteins (Damodaran, 2005). 

 

Whey Protein 

Whey is a by-product of the cheese-making process.  Whey proteins are 

specifically defined as milk proteins soluble in whey at pH 4.6 and 20°C, after casein 

precipitates during cheese production (Farrell et al, 2004).  If acid is added during 

casein precipitation, such as in cottage cheese production, then the resulting product 

is acid whey.  If enzymes or microorganisms are added to milk to aid precipitation, 

then sweet whey is the end product.  Sweet whey is the major type of whey 

produced in the United States, claiming about 94% of the market, while acid whey 

represents only 6% of whey production (Kilara and Vaghela, 2004). 

The main component of whey is water (about 94%), with other minor 

components such as lactose (4.5%), protein (0.8%), and minerals (0.7%).  When 

whey is dried and undergoes filtration processes to concentrate components, a high 

protein powder is the result.  Whey protein concentrates (WPC) contain at least 25% 

protein, and whey protein isolates (WPI) are more purified by-products, containing at 

least 90% protein.  Whey proteins have found a niche as an ingredient in the food 

industry due to their distinctive solubility over a broad range of pH, unique functional 

properties, and relatively low cost compared to other protein products (Kilara and 

Vaghela, 2004). 
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Several different proteins make up whey proteins.  The major protein is β-

lactoglobulin (approximately 10% of the total protein in milk and about 58% of whey 

proteins), composed of 162 amino acids, 2 disulfide bonds and a free thiol, and a 

molecular weight of 18,277 Da (Kilara and Vaghela, 2004; Farrell et al, 2004).  The 

second most common whey protein is α-lactalbumin, which represents about 2% of 

the total milk protein and about 13% of all whey proteins (Kilara and Vaghela, 2004).  

This 14,178 Da molecular weight globular protein contains 123 amino acids and 4 

disulfide bonds (Farrell et al, 2004).  Of the two main components of whey protein, β-

lactoglobulin shows better foaming characteristics, with high yield stress and higher 

overrun values than α-lactalbumin.  When mixtures of solely these two proteins were 

combined, overrun showed a linear increase with increasing β-lactoglobulin content.  

In contrast, yield stress showed a non-linear increase, indicating a different 

mechanism for this property (Luck et al, 2001).  Bovine serum albumin is the third 

most abundant whey protein, making up about 8% of total whey proteins.  BSA 

includes 583 amino acids, 17 disulfide bonds, and has a molecular weight of 66,399 

Da.  Various immunoglobulins make up about 6% of total whey proteins (Farrell et 

al, 2004). 

 

Functional Properties of Whey Protein 

Whey proteins have numerous functional properties which allow them to 

improve a wide range of food products.  Increasing viscosity in soups and sauces, 

providing emulsion stability in dressings, boosting water-holding ability in meat and 

seafood products, altering texture in meats, seafood, and cake products, and 
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enhancing foam stability in ice creams, whipped toppings, and meringues are just 

several of the various applications of whey proteins as food ingredients (Holt and 

Roginski, 2001).   

 The functional properties of whey have been identified for decades.  In 1930, 

Peter and Bell’s research noted that whey protein may be a suitable, economical 

replacement for egg white in foaming applications, except for those applications 

involving heating or baking.  While various whey protein treatments investigated 

produced foams equal to or greater than egg white in foam stability and strength, the 

heat coagulative properties of whey proteins fell short of egg white (Peter and Bell, 

1930).  Richert (1979) also confirmed whey protein’s foaming capabilities as 

comparable to egg white in overrun, whipping time, and foam stability, but also 

observed the lack of ability to incorporate additional solids into the foam and retain 

stability during heating.   

 Subsequent investigations into whey protein substitutions for egg white in 

angel food cakes confirmed this theory.  DeVilbiss and others (1974) conducted 

experiments comparing control (egg white) angel food cakes to those produced with 

whey protein concentrate.  During baking, the whey protein cakes rose quickly to a 

maximum volume and then collapsed, while the control cakes held their shape 

(DeVilbiss et al, 1974).  Further experiments on angel food cakes made with WPI 

showed similar expansion followed by collapse during baking.  Egg white and WPI 

behaved similarly during initial baking expansion.  However, around the protein 

denaturation temperatures (75°C to 85°C), elasticity of the cake batter increased for 

egg white but showed a decrease for WPI.  During subsequent starch gelatinization, 
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the egg white batter possessed enough strength, elasticity, or both to sustain the 

cake network while WPI batters collapsed (Pernell et al, 2002b). 

 Whey protein isolates can vary in composition based on cheese-making 

production parameters.  However, research found that despite differences in 

composition between acid WPI and sweet WPI, no significant differences were found 

in foaming properties tested (overrun and foam stability).  Also, the presence of high 

levels of glycomacropeptide in the sweet WPI did not affect foaming properties, as 

these treatments exhibited excellent foaming properties comparable to acid WPI with 

low levels of glycomacropeptide (Hawks et al, 1993).  However, this research utilized 

batches of whey protein which were separated then processed, not using 

commercial products available from different suppliers.  

The opportunity to modify whey proteins to produce foaming capabilities 

greater or equal to egg white has led to a body of research.  Foaming properties of 

WPC solutions significantly increased with a heat treatment of 65 to 70°C before 

foaming.  However, higher heat treatments exhibited negative effects on foaming 

properties, leading to the hypothesis that heat treatments below the denaturation 

temperature modify the solution’s structure to favor absorption at the air-water 

interface (Richert et al., 1974).  Later research investigating the effect of pre-heating 

protein solutions prior to foaming found that a mixture of native whey proteins as well 

as denatured whey proteins produced the most desirable foaming characteristics of 

high overrun and great foam stability.  The foam with a combination of high overrun, 

rigidity, and stability had about 75% of whey proteins denatured (a heat treatment of 

90°C for 12 minutes) (Bals and Kulozik, 2003). Other research used whey protein 
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polymers produced from heat treatment of 80°C for 30 minutes.  These were mixed 

with native WPI, and the resulting foaming properties were quantified.  Overrun 

decreased with increasing polymerized content, while yield stress increased to a 

maximum around 50% polymerized WPI then decreased (Davis and Foegeding, 

2004). 

 The effects of other modifications on the foaming properties of WPI have 

been explored.  Hydrolyzed whey proteins (portions of whey protein cut by enzymes) 

could theoretically increase foaming properties as a smaller size molecule may more 

adsorb more rapidly at the air-water interface.  Various hydrolysates have shown 

mixed foaming properties.  Hydrolysates of WPI showed a decrease in foam stability 

compared to native WPI.  WPI hydrolysate foaming ability was correlated with 

molecular weight, with sufficient peptides greater than 3 kDa in size necessary for 

high foaming ability (van der Ven et al, 2002).  Hydrolyzing β-lactoglobulin increased 

the yield stress of foams compared to native β-lactoglobulin, but the addition of heat 

treatments to inactivate the hydrolyzing enzymes decreased yield stress.  Compared 

to native β-lactoglobulin, all hydrolysates (with and without heat treatment) adsorbed 

more quickly at the air-water interface (Davis et al, 2005).  

Egg white foams differ from WPI foams in yield stress.  EWP foams usually 

are higher in yield stress.  Pernell et al (2002a) found that EWP foams increased in 

yield stress with longer whipping times until reaching a plateau around 10 minutes.  

WPI foams, on the other hand, retained lower, relatively stable yield stress 

measurements through whipping time trials.  Investigations into the electrostatic 
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effects on WPI foams found that pH, salt type, and salt concentration all affected the 

yield stress (Davis et al, 2004). 

 Although egg white protein is the traditional gold standard for culinary foams, 

whey protein is a readily available alternative for some aerated food applications.  

Replacement of egg white protein with whey protein in an angel food cake 

application has been investigated.  While cakes containing higher proportions of 

whey protein showed lower volumes and a much coarser bubble structure, cakes 

containing up to 75% egg white, 25% whey protein were not significantly different 

from control egg white cakes in physical and sensory cake evaluations (Arunepanlop 

et al, 1996).  This study also investigated the effect of various hydrocolloids to help 

improve cake texture.  Other research found that foams produced with WPC had a 

much lower stability than egg white foams.  However, statistical analysis showed 

that combinations of WPC and egg white protein had a synergistic effect on foaming 

stability.  These two proteins increased stability more than expected than if the two 

proteins interacted in an additive fashion (Aryana et al, 2002).  WPI combined with 

sugar syrup produced a foam with very small air bubbles that showed no signs of 

destabilization during the first 24 hours after formation (Rouimi et al, 2005).  A 

confectionary nougat application in peppermint patties found those produced with 

WPI resulted in a similar color, flavor, and texture to control peppermint patties made 

with egg white protein (Baker, 2006). 
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Sugar Effects on Foaming Properties of Proteins 

Interactions of sugars and proteins are important in food products, especially 

given that sugars are some of the most abundant taste additives in a wide range of 

foods (Semenova et al, 2002).  Culinary foams, such as those used in confectionary 

products, meringues, and angel food cakes, often contain high ratios of sugar. Sugar 

has been shown to delay overbeating in protein foams (Kinsella, 1981).  Previous 

research on sugar effects has shown high levels of sugar to increase foam stability, 

probably due to an increase in solution viscosity (Damodaran, 2005; Raikos et al, 

2007).  An increase in viscosity could also explain findings showing a decrease in 

foam overrun with increasing sugar concentration (Raikos et al, 2007).  However, 

Davis and Foegeding (2007) found that solutions containing 25% sucrose increased 

yield stress and stability for egg white protein foams, but decreased yield stress and 

had little effect on stability for WPI foams.  The surface tension of ovalbumin 

increased in the presence of sucrose, indicating less activity at the air-water 

interface.  This phenomenon can be attributed to the theory of preferential protein 

hydration.  Preferential protein hydration stems from the exclusion of sugar from the 

region immediately around the protein due to steric exclusion.  This may affect 

protein-sucrose solutions by increasing protein diffusion to the air-water interface 

and decreasing protein surface activity, both due to reduced protein unfolding 

(Semenova et al, 2002).   
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Research Objective 

 While whey proteins exhibit superb foaming properties, they currently fall 

short of the foaming properties shown by egg white.  This research investigates the 

foaming properties of combinations of egg white and whey protein with the purpose 

of identifying an additive, synergistic, or antagonistic effect on foaming properties 

such as stability, overrun, and yield stress.  In addition to bulk foam properties, foam 

microstructure will be observed using confocal microscopy.  Quantifying bubble size 

distributions and examining destabilization mechanisms over time will offer greater 

insight into the mechanism behind combination foams.  In addition, a comparison of 

foams both with and without sugar will be tested to give a greater understanding of 

how foams behave in a food system.  Angel food cakes will be used as a model 

system to test the function of combination foams in a food matrix with heating.  

Confocal microscopy utilizing a heating stage will be used to examine the 

microstructure of these model systems under increasing temperatures.  Overall, this 

research seeks to understand how foams produced from a combination of egg white 

and whey protein behaves alone and in a model angel food cake system. 
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Abstract 

Egg white protein (EWP) is the standard for culinary foams with its ability to form 

foams with high volume (overrun) and stability.  Whey protein isolate (WPI) foams 

have similar overrun and could potentially replace EWP in food products.  In this 

work, foaming properties of WPI, EWP and combinations of the two, were compared 

in model and food systems.  Physical properties of foams (overrun, drainage time, 

and yield stress), cakes (volume) and air/water interfaces (surface tension) were 

investigated.  Progressive substitution of WPI with EWP did not cause major 

changes in foam overrun.  In contrast, addition of WPI decreased foam stability 

(drainage time) and yield stress.  Incorporation of 12.8% (w/v) sucrose decreased 

foam overrun but greatly increased EWP foam stability.  However, the enhancing 

effect of sucrose on foam stability was less significant for WPI and WPI/EWP 

combination foams.  Changes in surface tension showed that even the lowest level 

of WPI substitution (25% WPI) was enough to cause the temporal pattern of surface 

tension decrease to be similar to WPI, suggesting that whey proteins dominated the 

interface.  The presence of sugar increased angel food cake volume when the 

proportion of EWP was higher than 50%.  Cakes with 25% WPI substitution resulted 

in nearly the same volume as EWP cakes but with a coarser bubble structure.  It 

appears that whey proteins dominate the air-water interface in protein mixtures.  

While it does not alter overrun, substitution of WPI causes a decrease in foam 

stability, yield stress and angel food cake quality.   

 

Key words:  whey proteins, foam, yield stress, surface tension, angel food cake  
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Introduction 

Foams are defined as the incorporation of gas into a solid or liquid phase. 

Although structurally complex, foams are commonly encountered in every day life.  

Foods are filled with foams, from cakes and breads to champagne, beer, meringues 

and ice cream. Many food products utilize foams either during processing or as the 

finished product, with the main benefit of aeration giving a desirable texture.  The 

incorporation of air decreases density, transforming the mouthfeel of a food product 

(Campbell and Mougeot, 1999).  

 Foams, which are inherently thermodynamically unstable, can be modified to 

increase stability.  The rheology of the food product has a significant impact on the 

lifetime of a foam, with low viscosity liquid foams having much less stability than a 

solid foam.  Therefore, one way to preserve foams and add greater stability is to 

modify the flow characteristics of the foam.  Angel food cakes are of particular 

interest among food foam products because the protein foam is generated 

independently then combined with other ingredients.  This allows for separate 

investigation of the properties of the foam and food product.  The initial foam (with a 

lifetime of hours) is transformed into a solid structure during baking through protein 

denaturation and starch gelatinization.  An angel food cake can last for up to weeks, 

with its structure outlasting its sensory qualities (Campbell and Mougeot, 1999).   

 Although egg white protein is the traditional standard for culinary foams, whey 

protein (a cheese-making by-product) shows a comparable foaming functionality.  In 

1930, Peter and Bell’s research noted that whey protein may be a suitable, 

economical replacement for egg white in foaming applications, except for those 
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applications involving heating or baking.  While various whey protein treatments 

investigated produced foams equal to or greater than egg white in foam stability and 

strength, the heat coagulative properties of whey proteins fell short of egg white 

(Peter and Bell, 1930).  Richert (1979) also confirmed whey protein’s foaming 

capabilities as comparable to egg white in overrun, whipping time, and foam stability, 

but also observed the lack of ability to incorporate additional solids into the foam and 

retain stability during heating.   

 Subsequent investigations into whey protein substitutions for egg white in 

angel food cakes confirmed this theory.  DeVilbiss et al. (1974) conducted 

experiments comparing control (egg white) angel food cakes to those produced with 

whey protein concentrate.  During baking, the whey protein cakes rose quickly to a 

maximum volume and then collapsed, while the control cakes held their shape 

(DeVilbiss et al., 1974).  Further experiments on angel food cakes made with WPI 

showed similar expansion followed by collapse during baking (Pernell et al, 2002).  

Egg white and WPI behaved similarly during initial baking expansion.  However, 

around the protein denaturation temperatures (75°C to 85°C), elasticity of the cake 

batter increased for egg white but showed a decrease for WPI.  During subsequent 

starch gelatinization, the egg white batter possessed enough strength, elasticity, or 

both to sustain the cake network while WPI batters collapsed (Pernell et al, 2002). 

Mixtures of egg white protein and whey proteins in an angel food cake 

application have been investigated (Arunepanlop et al, 1996). Up to 25% whey 

protein could be substituted without resulting in a significant change in cake texture 

(springiness, hardness, and cohesiveness) or crust color.  However, increasing 
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substitution of whey protein showed progressively lower cake volumes and coarser 

bubble structures.  Even 25% substitution of whey protein resulted in angel food 

cakes with a broader bubble size distribution compared to egg white cakes 

(Arunepanlop et al, 1996).  The mechanisms responsible for the effect of whey 

proteins in the cakes were not established. 

The role of individual proteins in the foaming functionality of egg white and 

whey protein has been a topic of study.  Johnson and Zabik (1981) investigated 

angel food cakes made with individual egg white proteins and found that some 

protein-protein interactions had positive effects and some had negative effects in 

foaming and angel food cake applications.   Overall, the foaming functionality of egg 

white appears to be the result of complex interactions between the individual 

proteins rather than attributable to a single protein component and the interactions 

are still not completely understood (Damodaran, 2005).  Previous research has 

investigated the effect of mixing of individual whey proteins in various ratios.  The 

two major components of whey protein, β-lactoglobulin and α-lactalbumin, showed a 

linear increase in overrun and a non-linear increase in yield stress with greater 

proportions of β-lactoglobulin (Luck et al, 2002).  Foaming properties of various 

combinations of WPC, egg white protein, and bovine serum albumen showed that 

combinations of WPC and egg white protein had a synergistic effect on foaming 

stability (Aryana et al, 2002).   

Characterizing protein foams is a complicated matter.  Two common 

measures of foaming properties are overrun, which measures the air incorporated 

into the foam, and foam stability, which measures the time necessary for half the 
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mass of solution to drain (Phillips et al, 1987).  Also, the functionality of proteins at 

the air-water interface is important in relation to foaming properties.  The protein’s 

ability to reduce interfacial tension and the rheological properties of its films can 

have an effect on foam formation and subsequent destabilization (Richert, 1979).  

Film dilatational elasticity has been tied to foam stability, as theoretically the elastic 

interfacial films would be less susceptible to bubble destabilization such as 

coalescence and disproportionation (Damodaran, 2005; Rouimi et al, 2005).    

This research focused on investigating the foaming functionality of 

combinations of EWP and WPI foams.  Additive and synergistic effects in 

combinations of individual component proteins and major proteins have been 

observed, but the mechanism is not known.  This study determined the foaming 

properties of combinations of EWP and WPI, evaluating foam overrun, stability, yield 

stress, and surface tension.  These combinations were additionally examined in an 

angel food cake system.  The objective of this research was to establish a 

mechanism of how combinations of WPI and EWP affect foaming functionality.  

 

Materials and Methods 

Materials 

Two commercial samples of whey protein isolate were obtained. (1) WPI 1: 

BiPro (93% protein, dry basis) was supplied by Davisco Foods International, Inc. (Le 

Sueur, MN).  (2) WPI 2: Provon 190 (91% protein, dry basis) was supplied by 

Glanbia Foods, Inc. (Twin Falls, ID).  Spray dried egg white protein (P-18J, 80% 

protein, dry basis) was provided by Henningsen Foods, Inc. (Omaha, NE).  The 
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whey protein isolates (WPI) and egg white protein (EWP) were stored at refrigeration 

temperatures.  Sodium hydroxide and sucrose were obtained from Fisher Scientific 

(Fair Lawn, NJ).  Hydrochloride acid was procured from Mallinckrodt Baker Inc. 

(Phillipsburg, NJ).  Cake flour and 10×  powdered sugar were purchased from a local 

grocery store.  

 

 Methods 

Solution Preparation 

Protein solutions were made at a level of 10% w/v protein.  About 80% of the 

total amount of deionized water to be used was added to a beaker with a magnetic 

stirrer.  Protein was added and hydrated while slowly stirring overnight (10 to 12 

hours).  Before the final volume adjustment, the pH of all solutions was adjusted to 

7.0 using 1N NaOH.  Protein solutions of five EWP/WPI ratios (100/0, 75/25, 50/50, 

25/75 and 0/100) were prepared by mixing EWP and WPI solutions.  When required, 

sucrose was added to the protein solutions on a 12.8% w/v basis. 

Since insoluble particles were present in EWP solutions, EWP and EWP/WPI 

combination solutions were centrifuged and supernatants were obtained.  No 

significant difference was observed between the foaming properties of supernatants 

and whole solutions (Figure 1).  All remaining data presented in this work represents 

whole solutions containing insoluble EWP particles. 
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Figure 1: Foaming properties (A: Overrun; B: Yield stress; C: Drainage time) of 
foams prepared from 10% (w/v) protein solutions at pH 7 with or without insoluble 
particles. All foams were prepared from Provon WPI. 
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Viscosity Measurement 

Viscosity of 10% (w/v) protein solutions were measured on a controlled stress 

rheometer (StressTech; Reologica Instruments AB, Lund, Sweden).  The measuring 

system, CCE25, utilized cup and bob geometry.  After a pre-shear at 50 1/s for 30 s, 

viscosity was tested over a range of shear rates (0.5 1/s to 225 1/s).  The rheological 

behavior of protein solutions is described by a power law model as shown in 

Equation 1:  

γσ K= n                                                Equation 1 

where σ and γ are shear stress and shear rate, and K and n are consistency 

constant and flow behavior index, respectively.  Microsoft Excel was used to fit shear 

stress and shear rate data to a power law model and the consistency constant and 

flow behavior index were calculated.  All measurements were carried out at room 

temperature (23°C) and repeated at a minimum of three times.  

Foam Generation 

A Kitchen Aid Ultra Power Mixer (Kitchen Aid, St. Joseph’s, MI) with a 4.5 qt 

(4.3L) stationary bowl and rotating beaters was used to generate the foams from 

protein solutions.  Two hundred mL of 10% (w/v) protein solutions were whipped for 

20 min at a speed setting of 8 (planetary rpm of 225 and beater rpm of 737), both in 

the presence and absence of 12.8% (w/v) sucrose.  The 20 min whip time for all 

solutions was utilized to prevent underbeating of WPI and EWP/WPI combinations, 

although slightly overbeating of EWP solutions resulted.  After the foam generation 

was complete, the beaters were gently lifted out of the foam. 
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Overrun 

Overrun was measured according to the method of Phillips et al (1987).  For 

overrun measurements, foam was gently scooped into a standard weigh boat (100 

mL) and leveled using a rubber spatula.  The weight was recorded and this process 

was repeated a minimum of 10 times for each foam.  This measurement was 

completed within 20 minutes after the foam was removed from the mixer.  The mean 

of all the weights recorded was used for overrun calculations according to the 

following equation: 

100
foam mL 100 wt.

foam) mL 100 (wt.-solution) mL 100 (wt.%Overrun ×=                         Equation 2 

Each treatment was replicated a minimum of three times. 

Yield stress measurement 

Yield stress was measured using a vane attachment to a Brookfield 

25xLVTDV-ICP viscometer (Brookfield Engineering Laboratories, Inc., Middleboro, 

MA) according to the method of Pernell et al (2000).  Immediately after foam 

generation, the vane (10 mm in diameter and 40 mm in length) was gently inserted 

into the foam until the top edge was even with the foam surface.  The vane was then 

rotated at a speed of 0.3 rpm.  Maximum torque response (M0) was recorded and 

used to calculate yield stress according to the following equation: 

 

 Equation 3 

where τ0 is yield stress, M0 is maximum torque, and h and d are vane height and 

diameter, respectively.  Three consecutive measurements throughout the bowl were 
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completed within five minutes after the foam generation.  The average of three 

measurements was recorded as yield stress for one foam.  A minimum of three 

replications were conducted for each treatment. 

Foam Stability/Drainage Time 

The stability of the foams was measured by recording the length of time 

required for half of the pre-foam solution weight to drain according to the method of 

Phillips et al (1987).  Special bowls with a 6-mm diameter hole were used for stability 

measurements.  The hole was covered during whipping.  A stopwatch began 

recording time immediately after foam generation was complete.  The bowl was 

placed in a ring stand directly over a weight boat on a scale.  The hole was 

uncovered and liquid was allowed to drip into the weigh boat.  The time necessary 

for half of the pre-foam mass to drain were recorded as drainage time.  A longer 

drainage time corresponds to greater foam stability.  Each treatment was replicated 

a minimum of three times. 

Interfacial tension 

Interfacial tension of pre-foam solutions and air was measured through 

pendant drop method (Myrvold and Hansen, 1998).  An automated contact angle 

goniometer along with the DROPimage computer program (Ramé-Hart Inc., 

Mountain Lakes, NJ) was used for both data collection and calculations.  A 16μL 

pendant drop of pre-foam solution was generated by a computer-controlled syringe.  

The drop extended from a stainless-steel capillary into an environmental chamber 

with standing water at its bottom to minimize evaporation.  A digital camera captured 

the image of the pendant drop every 2 s for a total of 600 s and interfacial tension 
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was calculated according to shape parameters.  All samples were equilibrated to 

room temperature (23°C) before measurement. Values reported are the averages of 

a minimum of three replications. 

Density Determination 

DROPimage software requires inputs of densities of the component phases to 

calculate interfacial tension from the shape analysis of drops.  A Mettler-Toledo 

DE40 density meter (Mettler-Toledo, Columbus, OH) equipped with a viscosity 

correction card measured the density of each solution at 23°C.  The accuracy of the 

instrument was 1×10-4 g/cm3.  Each solution was evaluated in triplicate and 

averaged. 

Angel Food Cake Preparation 

Angel food cakes were prepared based on the method of Pernell et al (2002).  

Solutions at 10% (w/v) protein were prepared as described above with 12.8% (w/v) 

10×  powdered sugar for normal cakes or without sugar for no-sugar cakes.  Foams 

were generated by the same method stated above except allowed to whip only for 

15 min.  To prepare cake batters, 66.0 g of cake flour was sifted 3 times.  For normal 

cakes, 151.6 g of 10x powdered sugar was added to the cake flour before sifting 

(see Table 1).  The dry blend was gently folded into the foam using a balloon whisk 

in 3 installments and no more than 20 strokes total.  The batter was poured into 3 

cake pans (size 6.5 cm ×  13 cm ×  5.5 cm) with 75.0 g batter in each pan.  If 

necessary, the batter was gently pushed into the corners of the pan using a spatula.  

The cakes were baked in a conventional oven at 400°F (204°C) for 14 min.  After 

baking, the cakes were cooled upside down on a wire rack for 30 min at room 
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temperature.  After cooling, cake volume was measured using a rapeseed 

displacement method.  Cake batters were made in duplication and volumes were 

averaged from six cakes. 

Table 1. Composition of no sugar cakes and normal cakes 

Pre-foam solutions 

(200mL) 

Flour 

(g) 

10×  powdered sugar 

(g) 

Cake 

10% (w/v) protein solution 66.0 0 No-sugar 

10% (w/v) protein solution with   

12.8% (w/v) 10×  powdered sugar 

66.0 151.6 Normal 

 

Data Normalization and Statistical Analysis 

Two batches of EWP were utilized in experiments, with slight differences in 

foaming properties.  To remove the systematic error due to ingredient differences, 

the data for overrun, drainage time, yield stress, and cake volume were normalized 

prior to statistical analysis.  The data was normalized by dividing each data point by 

the value of the EWP data, resulting in a value of one for EWP.  The normalized 

foam data (overrun, drainage time, yield stress, and cake volume), solution apparent 

viscosity, and surface tension data were analyzed using the General Linear Model 

procedure of the SAS statistical software package (Version 9.1; SAS Institute, Inc., 

Cary, N.C., U.S.A.).  Analysis of variance was conducted with means separation to 

determine differences between treatments.  Significant differences were established 

at 05.0≤p . 
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Results and Discussion 

The foaming properties of whey protein isolates (WPI), egg white protein 

(EWP) and their combinations (10% w/v protein, pH 7.0) are summarized in Table 2.  

While the data shown in the table are the original data obtained, the statistical 

analyses shown for overrun, yield stress, drainage time, and cake volume was 

performed on normalized data.
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Table 2: Overrun, Yield Stress, Drainage Time, Viscosity, Density, Surface Tension, and Cake Volume of WPI/ EWP foams 

  WPI 75WPI:25EWP 50WPI:50EWP 25WPI:75EWP EWP 
%Overrun 
 
 

WPI 1 1229± 138 aa 1126± 45 aa 1250± 67 aa 1308± 109 aa 1321± 7 aa 
WPI 1* 882± 88 ba 848± 58 ba 899± 66 ba 912± 72 ba 993± 80 ba 
WPI 2 1104± 92 aa 978± 65 aa 951± 45 aa 946± 79 aa 997± 156 aa 
WPI 2* 965± 41 ba 1025± 37 ba 947± 39 ba 1032± 87ba 1121± 83ba  

       
Yield 
Stress 
(Pa) 

WPI 1 73.6± 1.9 aa 110.0± 3.7 ab 151.5± 1.9 ac 133.4± 2.2 ad 143.3± 6.6 ac 
WPI 1* 66.1± 3.7 ba 99.6± 6.6 bb 119.0± 9.3bc 108.0± 6.6 bd 120.1± 9.6 bc 
WPI 2 42.7± 0.5 aa 56.1± 1.6 ab 58.1± 3.1 ab 55.6± 1.9 ab 121.3± 6.4 ac 
WPI 2* 44.9± 4.0 ba 58.5± 0.1 bb 51.0± 3.7 bb 61.9± 6.9 bb 102.8± 1.5 bc 

       
 

Drainage 
1/2 life 
(min) 

WPI 1 36.5± 2.4 aa 57.6± 1.9 ab 78.9± 1.2 ac 89.7± 9.7 ac 91.1± 5.9 ad 
WPI 1* 39.7± 3.1 ba 55.1± 6.1 bb 72.4± 11.8 bc 86.8± 13.9 bc 140.9± 16.4 bd 
WPI 2 30.8± 1.3 aa 34.6± 0.3 ab 37.2± 0.44 ab 45.5± 1.3 ac 65.8± 1.3 ad 
WPI 2* 46.3± 0.7 ba 56.6± 2.0 bb 63.7± 1.4 bb 73.2± 3.2 bc 133.6± 10.9 bd 

       
Apparent 
viscosity 
(mPa.s) 

 

WPI 1 1.94± 0.38 aa 2.39± 0.18 ab 2.43± 0.07 ab, ac 2.76± 0.10 ac 2.59± 0.25 ac 
WPI 1* 3.25± 0.10 ba 4.00± 0.30 bb 4.39± 0.38 bb, bc 4.51± 0.26 bc 4.77± 0.21 bc 
WPI 2 2.69± 0.07 aa 2.77± 0.10 aa 2.67± 0.03 aa 2.74± 0.05 aa 2.59± 0.25 aa 
WPI 2* 4.20± 0.00 ba 4.14± 0.11 ba 4.30± 0.29 ba 4.67± 0.37 ba 4.77± 0.21 ba 

       
Density 
(g/mL) 

WPI 1 1.0243 1.0260 1.0273 1.0291 1.0309 
WPI 1* 1.0263 1.0276 1.0288 1.0296 1.0309 
WPI 2 1.0712 1.0726 1.0742 1.0752 1.0764 
WPI 2* 1.0744 1.0747 1.0754 1.0762 1.0764 

       
Surface 
tension 
(mN/m) 

WPI 1 50.0± 1.0 aa 49.6± 0.5 aa 49.5± 0.9 aa 49.7± 0.4 aa 42.6± 1.0 ab 
WPI 1* 49.1± 1.5 aa 50.2± 0.9 aa 49.8± 1.0 aa 49.7± 0.8 aa 43.3± 0.1 ab 
WPI 2 47.3± 1.1 aa 48.1± 0.6 aa 47.5± 0.8 aa 48.1± 0.5 aa 43.5± 0.6 ab 
WPI 2* 46.5± 0.2 aa 46.9± 1.4 aa 47.1± 0.5 aa 47.1± 0.2 aa 43.2± 0.2 ab 
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Table 2: Continued 

  WPI 75WPI:25EWP 50WPI:50EWP 25WPI:75EWP EWP 
Cake 

volume 
(mL) 

WPI 1 249± 42 aa 246± 25 aa 253± 21 aa 271± 13 aa 260± 52 aa 
WPI 1* 248± 15 ba 242± 10 ba 248± 17 ba 401± 22 bb 409± 32 bb 
WPI 2 177± 15 aa 200± 29 ab 196± 16 ac 229± 5 ad 290± 41 ad 
WPI 2* 138± 18 ba 167± 6 bb 265± 23 bc 359± 26 bd 376± 15 bd 

 
1. * is marked for protein solutions contain 12.8% (w/v) sucrose or normal cakes with sugar. 
2. Apparent viscosities of pre-foam solutions are calculated at a shear rate of 8.5/s based on the power law model. 
3. Densities of pre-foam solutions are measured at room temperature (23 °C). 
4. Statistical analysis was conducted on normalized data for overrun, drainage time, yield stress, and cake volume.  Original data was 
analyzed for surface tension and viscosity.  The first letter indicates significant difference between protein samples and protein 
samples with 12.8% (w/v) sucrose or between normal cakes and no sugar cakes.  The second letter notifies significant difference due 
to WPI/EWP ratio.  
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Overrun data is presented in Figure 2. 
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Figure 2: Overrun of foams prepared from 10% (w/v) protein solutions at pH 7, both 
in the presence and absence of 12.8% (w/v) sucrose. A: BiPro WPI; B: Provon WPI  
 

Statistical analysis on overrun data normalized to account for different 

batches of EWP showed that WPI, EWP and combination foams were not 

significantly different (p>0.05) from each other (Table 2).  However, foams 

containing sucrose showed a significant decrease in overrun compared to foams 

without sucrose.  This has been previously observed in egg white foams containing 

invert sugar which showed a decrease in overrun with increasing concentrations of 

sugar (Lau and Dickinson, 2005), EWP foams containing 12% sugar (Raikos et al, 

2007) and EWP and WPI foams containing 25% sucrose (Davis and Foegeding, 

2007).The addition of sucrose increases the solution density and viscosity and 

reduces the amount of air incorporated into the foam. 

Solution viscosity can affect foam stability.  Polyhedral foams are composed 

of air bubbles separated by thin films; Plateau borders are the intersection of three 

A B 
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thin films.  Gravity causes liquid to move through the network of Plateau borders, 

resulting in foam drainage (Wang and Narsimhan, 2006).  A high viscosity 

continuous phase prior to foaming can slow the rate of drainage (Pugh, 1996).  

Gravity induced drainage generally results in shear rates ranging from 0.1/s to 10/s 

(Barnes et al, 1989).  Dynamic viscosity data of all solutions were calculated at 8.5/s 

based on power law models (Equation 1).  Kinematic viscosity (dynamic viscosity 

divided by solution density) represents gravity-induced flow and is plotted against 

drainage time in Figure 3. 
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Figure 3: Drainage time vs. solution kinematic viscosity of 10% (w/v) protein 
solutions at pH 7, both in the presence (open symbols) and absence (closed 
symbols) of 12.8% (w/v) sucrose. ● WPI; ▲75WPI:25EWP; ■ 50WPI:50EWP;  
♦ 25WPI:75EWP; ▼ EWP. A: BiPro WPI; B: Provon WPI. Viscosity data are 
calculated from equation 1 at a shear rate of 8.5/s divided by solution density. 
 

The addition of sucrose showed a systematic viscosity increase in all 

treatments (Table 2).  Drainage time was lowest for WPI and increased with 

progressive substitution of EWP.  Most treatments followed the general trend of 

sucrose addition increasing viscosity but showing little effect on drainage time.  

A B 
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100% EWP was the exception to this trend.  The addition of sucrose nearly doubled 

the drainage time for 100% EWP, although the viscosity did not increase more for 

EWP than other treatments.  This observation suggests the sucrose enhancing 

effect on EWP foam stability was not due to the increasing of solution viscosity since 

the WPI and WPI/EWP combination solution viscosities also increased.  With 

incorporation of WPI into EWP solutions, even 25% replacement, the sucrose 

enhancing effect on foam stability was lowered compared to EWP alone.  One 

hypothesis to explain this observation is that WPI may dominate the bubble interface 

and govern the foam properties when two proteins are mixed.  

 Adsorption rates at the air/water interface of WPI, EWP and WPI/EWP 

combination solutions were qualitatively assessed by the rate of surface tension 

decline for freshly formed pendant drops (Myrvold and Hansen, 1998).   
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Figure 4: Typical dynamic surface tension measurements of 10% (w/v) protein 
solutions with (open symbols) and without (closed symbols) 12.8% (w/v) sucrose. 
 ● WPI; ▲75WPI:25EWP;  ■ 50WPI:50EWP;  ♦ 25WPI:75EWP;  ▼ EWP.  
A: BiPro WPI; B: BiPro WPI with sucrose; C: Provon WPI; D: Provon WPI with 
sucrose 

 

The EWP solutions exhibited the most rapid adsorption rates while all 

WPI/EWP combination solutions followed the pattern of WPI, both in the presence 

and absence of 12.8% (w/v) sucrose (Figure 4).  The more rapid rates and lower 

surface tensions of EWP than WPI were reported previously (Davis and Foegeding, 

A B

C D
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2007).  Similar surface tension decline patterns of WPI/EWP combinations and WPI 

solutions suggest that surface active molecules in WPI rather than those in EWP 

adsorb at the interface when two proteins are mixed.  A similar relationship was 

observed in mixtures of β-casein and β-lactoglobulin at the air-water interface, where 

β-casein tended to dominate surface properties of he mixed system (Ridout et al, 

2004).  Although EWP exhibited a more rapid adsorption rate, surface active 

molecules in WPI appeared to occupy the interface.  Competitive adsorption at an 

interface depends on factors beyond surface activity.  If the protein reaching the 

interface first does not have a chance to unfold, it could be displaced competing 

proteins (Dickinson, 1999).  As a result, the WPI/EWP combination interfaces 

demonstrate similar interfacial properties to WPI, in agreement with observations 

that bulk foam properties of WPI/EWP foams tend to follow those of WPI.    

  Incorporation of 12.8% (w/v) sucrose showed little effect on the adsorption 

pattern for WPI and WPI/EWP combination protein solutions, but did slightly raise 

the surface tension of EWP at the first stage of adsorption.   Previous research 

found that the presence of 25% (w/w) sucrose slowed the rate of surface tension 

decline for WPI and EWP (Davis and Foegeding, 2007).  However, a mixture bovine 

serum albumin (a component of whey protein) and sucrose concentrations up to 1M 

(~34% w/v) adsorbed more rapidly at the air/water interface than BSA in water.  This 

rapid rate was seen during the first stage of adsorption, in which diffusion to the 

interface dominates the process (Nino and Patino, 2002).  Other research found that 

the presence of sucrose decreased the adsorption rate of BSA, with 40% w/w 
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sucrose solutions showing an adsorption rate two orders of magnitude lower than a 

control BSA solution (Guzey et al, 2003).   

An explanation for these diverse findings could be in the balance of two 

different sugar effects on a protein solution.  Preferential hydration is the 

phenomenon of proteins remaining more compact in sugar solutions (Lee and 

Timasheff, 1981).  A more compact protein could move more quickly through 

solution to an interface, resulting in a faster rate of adsorption.  However, the 

presence of sugar increases solution viscosity, which could result in slower 

movement of proteins to the interface (Nino and Patino, 2002).  The unchanged 

adsorption patterns observed both in presence and absence of sucrose may be a 

result from the two opposite effects.  In addition, the sucrose concentration (12.8%, 

w/v) in this study may not be high enough to detect changes of protein adsorption at 

interfaces.  Previous studies also investigated protein concentrations higher than the 

10% w/v used in this research.  

The major component in EWP, ovalbumin was found to adsorb less rapidly at 

the air/water interface in the presence of sucrose (Davis and Foegeding, 2007).  In 

aqueous solutions, ovalbumin has been shown to form hydrogen bonds with 

sucrose, increasing the hydrophilic nature of the protein and decreasing its activity at 

the air-water interface (Antipova et al, 1999).  The decreased hydrophobicity of 

ovalbumin with sucrose may explain the slightly higher surface tension of EWP with 

sucrose at the initial adsorption stage.  As the protein concentration (10%, w/v) was 

very high, the surface tension decreased rapidly after the initial stage due to the 

large amount of molecules available for adsorption.  The surface tension reached a 
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more slowly declining value after 600 s of aging.  The surface tension at 600s was 

recorded and the average of three replications of data is shown in Figure 5.   
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 Figure 5: Surface tension at 600 s of 10% (w/v) protein solutions at pH 7, both in the 
presence and absence of 12.8% (w/v) sucrose. A: Bipro WPI; B: Provon WPI 
 

There were no significant differences (p>0.05) in surface tension values at 

600s among WPI and WPI/EWP combination solutions within a type of WPI.  In 

contrast, the EWP solutions were significantly lower than all other treatments of the 

same type of WPI, both in the presence and absence of sucrose.  No significant 

difference (p>0.05) was observed in surface tension at 600s between protein 

solutions and protein solutions with 12.8% (w/v) sucrose. 

To study the heating effect on foams, angel food cakes were prepared from 

the same protein solutions (formulations listed in Table 1).  Cake volumes, quantified 

using a rapeseed displacement method, are compared in Figure 6.   

A B
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Figure 6:  Volume of angel food cake prepared from 10% (w/v) protein solutions at 
pH 7, both with and without sugar. A: BiPro WPI; B: Provon WPI 
 

The main trend seen in angel food cake volumes was the increased volume 

of normal cakes made with 100% EWP and 75% EWP/ 25% WPI.  Within each type 

of WPI, these two treatments were not significantly different (p>0.05) from each 

other, but were statistically different from cakes produced with 50% or more WPI.  

The addition of sugar showed an enhancing effect on cake volume when cake 

contained a majority of EWP in the protein ratio.  As stated above, sucrose 

incorporation contributed to the stability of EWP foams, but had no significant effects 

on foam stability of WPI and WPI/EWP combinations.  The interfacial properties 

were seen to be dominated by WPI rather than EWP in WPI/EWP combinations.  A 

cake matrix is built on a protein foam structure as a result of thermal denaturation of 

proteins and starch gelatinization during baking (Pernell et al, 2002).  Sugar 

incorporation may assist the liquid phase, rich in EWP, to stabilize and build the 

cake matrix or resist the drainage of the liquid phase during baking. 

A B
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As seen in Figure 6, 25WPI/75EWP and EWP normal cakes exhibit almost 

same volume for both WPI systems.  However, images of freshly cut cake sections 

reveal differences in internal structural features of two cakes (Figure 7).   

Figure 7: Cross sections of angel food cakes prepared with 100% EWP (left) and 
25%WPI:75%EWP (right). 
 

The EWP cake displays a fine structured matrix with many small, uniformly 

sized air cells and only a few larger air cells.  The 25WPI/75EWP cake shows 

coarser structures with a predominance of larger air cells.  This observation is in 

agreement with previous reports by Arunepanlop et al (1996).  In the baking 

process, air bubbles expand due to heating.  The 25WPI/75EWP foam may have 

expanded faster than the network could stabilize the structure, resulting in a 

collapse.  Previous work on angel food cakes made with whey proteins found that 

cakes expanded to a maximum height then collapsed during baking (DeVilbiss et al, 

1974; Pernell et al, 2002).  This is observed in Figure 7 by the concave shape of the 

25WPI:75EWP cake, which indicates some collapse.  Foam destabilization 

processes such as coalescence and disproportionation caused an increase in air 

bubble size and a decrease in cake quality.  With the incorporation of sugar, the 

EWP cake expands and the cake matrix is reinforced, resulting in a high cake 
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volume.  This reinforcing effect is also seen in cakes composed of 25WPI/75EWP, 

probably due to large amount of EWP in the liquid phase.  However, as WPI 

molecules dominate the interface in WPI/EWP combinations, the cake structure 

followed that of WPI and displayed a coarse texture with large air cells.  

 

Conclusions 

   Combinations of WPI and EWP did not show an additive effect in foaming 

properties, interfacial measurements, or cake volume.  The addition of 12.8% (w/v) 

sucrose showed a large increase in foam stability for foams made with 100% EWP, 

but exhibited little impact on stability in foams made with WPI and WPI/EWP 

combinations.  This increase cannot be explained by an increase in viscosity, as all 

protein combination solutions showed similar viscosities.  Surface tension 

measurements found that WPI/EWP combinations followed the pattern of 100% 

WPI, while 100% EWP decreased to a lower surface tension, indicating that WPI 

may be dominating the interface when both proteins are present.  Angel food cakes 

produced with and without sugar resulted in high volume cakes only in the presence 

of sugar and at levels of 25% WPI/ 75% EWP or 100% EWP, leading to the 

hypothesis that sugar and at least 75% of EWP needs to be present to stabilize cake 

volume.  However, although 25% WPI/75 % EWP cakes had volumes similar to 

100% EWP, addition of WPI showed a change in cake texture, resulting in a coarser 

bubble structure and concave shape.  Further research is needed to characterize the 

differences in bubble size distributions and its effect on foaming functionality 

between foams produced from WPI, EWP, and combinations of the two. 
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CHAPTER 3 

Microstructural Comparison of Foams and Cake Batters Prepared from Egg 
White Protein and Whey Protein Isolate, Alone and in Combination 

 

Introduction 

Foams are defined as the incorporation of gas into a solid or liquid phase. 

Although structurally complex, foams are commonly encountered in every day life.  

Foods are filled with foams, from cakes and breads to champagne, beer, meringues 

and ice cream.  Two main types of foams exist based on the volume fraction of gas 

incorporated into the liquid.  The first type is a bubbly foam, which has a lower 

amount of gas and spherical bubbles.  The other type of foam that occurs with 

higher gas volume fractions is a polyhedral foam.  In a polyhedral foam, the bubbles 

are so closely packed together that they become non-spherical, forming a 

honeycomb-like structure.  The geometry of polyhedral foams has a big impact on 

the foam stability (Prins, 1988; Murray, 2007).  Polyhedral foams consist of thin films 

between bubbles, with the area where three films intersect called a Plateau border.  

Capillary pressure keeps liquid inside the Plateau border.  Drainage is the 

destabilization process that results from the pull of gravity on the liquid found in the 

thin films and Plateau borders of the foam (Prins, 1988).  When the film between two 

bubbles drains, the film thins and eventually ruptures.  This leads to two bubbles 

becoming one bubble, a destabilization process called coalescence (Damodaran, 

2005). 

 Another type of destabilization found in foams is disproportionation.  

Disproportionation is the movement of gas from small bubbles to larger bubbles.  
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Laplace pressure in bubbles states that smaller bubbles are under greater pressure 

than larger bubbles.  Since gas solubility is proportional to pressure, gas is more 

soluble around smaller bubbles in the foam.  Disproportionation occurs when gas 

diffuses from small bubbles to large bubbles, and the self-accelerating process 

continues as the small bubbles shrink (Prins, 1988).   

While overrun (gas volume fraction) and foam stability are the most common 

properties measured to characterize foams, yield stress is also of importance.  Yield 

stress is a type of rheological measurement, and is related to the “peak stage” 

mentioned in culinary recipes.  When whipping egg whites, a recipe may state to 

whip until hard (or soft or medium) peaks are formed, which reflects the ability of a 

foam to hold its shape.  If the correct stage is not obtained, the finished product will 

probably be of low quality (Pernell et al, 2000).  In scientific terms, yield stress is 

defined as the point at which the foam transitions from behaving like an elastic solid 

to behaving like a liquid when subjected to a deformation (Princen and Kiss, 1989).   

 Yield stress has been modeled based on the following equation (Princen and 

Kiss, 1989): 

Equation 1 

 

where τ0 is is the yield stress, γ is the interfacial tension, Φ is the gas volume 

fraction, R32 is the surface-volume mean drop radius and Y(Φ)) is an experimentally 

derived parameter.  Of these variables, overrun measures the gas volume of the 

foam, but quantifying bubble size distributions is important to fully understand the 

mechanisms behind yield stress.   

)(3
1
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Quantifying bubble size is important to understanding the structure of a foam.  

Routine bubble size measurements are difficult for several reasons, including the 

fact that diluting foams does not work well, foams are thermodynamically unstable, 

and foams tend continuously change through creaming, coalescence, or 

disproportionation (Murray, 2007).  The fact that foams continuously change in both 

space and time make bubble size distributions particularly difficult to quantify 

(Dickinson et al, 2002). 

Numerous methods have been explored to tackle the complex problem of 

quantifying foam structure.  Optical microscopy is the most prevalent method for 

foam image analysis and bubble size quantification (Labbafi et al, 2007).  Confocal 

microscopy is a useful technique for imaging foams (Murray, 2007).  Confocal laser 

scanning microscopy (CSLM) is a type of light microscopy that can image thin 

specimen or very thin optical sections of a thick specimen.  Images acquired using 

confocal microscopy have been analyzed for object dimensions (such as area, 

length, or perimeter) or shape (like shape factor) by thresholding the image so the 

objects stand out against a background.  Then commercial image analysis software 

can be used to calculate desired parameters (Ferrando and Speiss, 2000).  Confocal 

microscopy has been used to image whipped cake batter, with measurements of air 

bubble area, diameter, area fraction of air, and estimates of surface area per unit 

volume (Richardson et al, 2002).  Egg white and invert sugar foams were imaged 

using confocal microscopy focusing on a single frame over time to track the changes 

in selected individual bubble diameters (Lau and Dickinson, 2005).  
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 Although egg white protein is the traditional standard for culinary foams, whey 

protein (a cheese-making by-product) shows comparable foaming functionality.  In 

1930, Peter and Bell’s research noted that whey protein may be a suitable, 

economical replacement for egg white in foaming applications, except for those 

applications involving heating or baking.  While various whey protein treatments 

investigated produced foams equal to or greater than egg white in foam stability, the 

heat coagulative properties of whey proteins fell short of egg white (Peter and Bell, 

1930).  Richert (1979) also confirmed whey protein’s foaming capabilities as 

comparable to egg white in overrun, whipping time, and foam stability, but also 

observed the lack of ability to incorporate additional solids into the foam and retain 

stability during heating.   

Whey protein is a readily available alternative to egg white for some aerated 

food applications.  Replacement of egg white protein with whey protein in an angel 

food cake application has been investigated (Arunepanlop et al, 1996).  Up to 25% 

whey protein could be substituted without resulting in a significant change in cake 

texture (springiness, hardness, and cohesiveness) or crust color.  However, 

increasing substitution of whey protein showed progressively lower cake volumes 

and coarser bubble structures.  Even 25% substitution of whey protein resulted in 

angel food cakes with a broader bubble size distribution compared to egg white 

cakes (Arunepanlop et al, 1996).  Previous research has also noted that foams 

made with combinations of egg white protein and whey protein isolate had properties 

that more closely resembled WPI in bulk properties of foam stability, overrun, and 

cake volume (Yang et al, 2007).   
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The purpose of this research was to investigate the effects of progressive 

substitution of WPI for EWP and the resulting changes in foam microstructure and 

relate microstructural changes to variation in bulk foaming properties.  Confocal 

microscopy was used to characterize the microstructure of foams in relationship to 

foam yield stress as well as observe the microstructure of foams and cake batters 

during heating.  

 

Materials and Methods 

 
Egg white and whey protein isolate 

Commercial samples of two types of whey protein isolate, WPI 1 (BiPro WPI 

from Davisco Foods International, Inc., Le Sueur, MN) and WPI 2 (Provon 190 from 

Glanbia Foods Inc., Twin Falls, ID) as well as spray dried egg white protein (P-18J 

from Henningsen Foods, Inc., Omaha, NE) were obtained.  The Henningsen spray 

dried egg white was used for all experiments except for the foams and cake batters 

imaged while heating on the Olympus confocal microscope.  These experiments 

utilized spray dried egg white protein sourced from Primera Foods (Cameron, WI) 

due to the ceased production of Henningsen egg white.  The Primera egg white 

showed similar foaming functionality as the Henningsen egg white (data not shown).  

Whey protein isolates (WPI) were stored at room temperature, while the egg white 

protein (EWP) was refrigerated.  The WPI 1 (Bipro) and WPI 2 (Provon) had protein 

levels of 93% and 91%, respectively.  The Henningsen EWP contained 80% protein 

and the Primera EWP contained 82% protein.  Five different combinations of WPI 
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and EWP were investigated:  100% WPI, 75% WPI/25% EWP, 50% WPI/50% EWP, 

25% WPI/75% EWP, and 100% EWP.   

Protein Solutions 

Protein solutions were made at a level of 10% w/v protein.  About 80% of the 

total amount of deionized water to be used was added to a beaker with a magnetic 

stirrer.  Protein was added and hydrated while stirring at room temperature overnight 

(10 to 12 hours).  If a treatment involved the addition of sucrose, 12.8% w/v sucrose 

(Fisher Scientific, Fair Lawn, NJ) was added and allowed to dissolve.  The pH was 

then adjusted to 7.00 using 1M NaOH.  Deionized water was added to bring the 

solution to volume.  For the solutions with two types of proteins, each protein 

solution was prepared separately and the solutions were combined prior to foaming.      

Sodium Fluorescein 

Sodium fluorescein (obtained from Sigma-Aldrich, St. Louis, MO) was added 

at a level of 0.1 mM to the protein solutions used for microscopy directly before 

foaming.  The fluorescein dissolved readily in the protein solutions before mixing 

commenced.     

Foam Generation 

A Kitchen Aid Ultra Power Mixer (St. Joseph’s, MI) with a 4.3L stationary bowl 

and rotating beaters was used to generate the foams from the protein solutions.  

Two hundred mL of protein solution was added to the bowl and allowed to whip for 

20 minutes at a speed setting of 8 (planetary rpm of 225 and beater rpm of 737).  

After the foam generation was complete, the beaters were gently lifted out of the 

foam.   
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Protein Foam Microscope Slide Preparation 

A small amount of foam was loaded into a single-welled microscope slide with 

a #1.5 coverslip attached to the bottom using silicon grease and immediately used 

for microscope imaging. 

Confocal Microscopy 

An inverted Leica DM IRBE (Heidelberg, Germany) confocal laser scanning 

microscope imaged the samples.  An argon laser excited samples at 488nm, and 

light was collected at a range from 500-550 nm, with a transmitted light differential 

interference contrast (DIC) image recorded simultaneously.  An HC PL FLUOTAR 

10.0x, with a 0.30 numerical aperture, was the objective used for 10x magnification.  

Collected images were viewed using Leica software. 

Images were collected as a series of z-stacks for each foam.  Each foam 

sample was placed in the microscope and five series of z-stacks were imaged.  A z-

stack was defined as the range from where bubbles were first visible to where they 

no longer appeared as separate entities (generally about 80 μm in depth).  Software 

calculated the optimal number of section for the stack (generally around 22 

sections), and the entire stack was imaged.  The field of vision was then moved to 

another random position in the foam and repeated until five stacks were completed 

(total time of less than 20 minutes).  

Time lapse data was also collected for all foam samples.  Directly after foam 

preparation and slide loading, a single plane was focused into the foam.  Images 

were taken every 5 seconds for 10 minutes, with both confocal and DIC images 

recorded simultaneously.  This was completed once per prepared slide. 
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Leica software was used to convert the z-stacks into 3-D foam 

reconstructions and combine the 120 time lapse images per treatment into a time 

lapse video. 

Image Analysis 

Image analysis of confocal images was performed using MetaMorph Imaging 

System software (Molecular Devices, Downington, PA).  Initially, the image was 

thresholded to convert it to binary, with the same threshold cut-off used for each 

image.  Thresholding allowed the objects (air bubbles) to stand out against the 

background (aqueous phase).  The image was then enhanced with pseudocolor, 

which converted the green (aqueous phase) areas to magenta for easier visibility 

during the image analysis.  After the image had thresholding and pseudocolor, the 

image was modified if necessary.  In some images, overlapping or touching bubbles 

were separated using a “cut” feature that allowed manual separation of objects.  In 

other images, especially those where some small bubbles appeared to have green 

aqueous phase in the center, a “join” feature was used to manually outline bubbles 

that were not typical objects.    

An integrated morphometry analysis feature evaluated the images.  Object 

(bubble) area and object shape factor were measured.  Shape factor was 

determined by the equation:  

 

Equation 2 

A shape factor of 1 indicated a perfectly spherical bubble, while lower shape factors 

showed a deviation from roundness.  This option was utilized due to the non-

2

4
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spherical nature of many of the bubbles.  Using the integrated morphometry 

analysis, all bubbles were selected for measurement.  Then, those bubbles with less 

than 50% of their estimated area visible in the image frame were manually de-

selected.  This prevented exclusion of all bubbles touching the edge of the frame, 

which was a large proportion of the total number of bubbles imaged.  Excluding 

bubbles thought to be a majority outside of the frame also prevented skewing the 

bubble sizes to smaller areas due to only a small portion of the bubble being 

analyzed. 

Areas and shape factors of the remaining bubbles were transferred to an 

Excel spreadsheet.  Area, given in pixels, was converted to μm2 after measurement.  

The bubble areas were sorted by increasing size, and bubbles with areas of less 

than 5 pixels were excluded from further image data analysis.  Observations showed 

that objects this small were not actual bubbles, but generally fringe around bubbles.  

These were excluded to prevent skewing the data.  Excel was used to create 

histograms of the data, as well as calculate means and medians of the bubble 

distributions.   
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Figure 1: Images prepared for analysis: measured objects shown in green, de-
selected objects (not measured, less than 50% of bubble area visible) shown in 

orange, and background (aqueous protein phase) shown in magenta.  Time lapse 
images shown for 100% WPI 1 with time 0 (left), 5 min (center) and 10 min (left).   

 

Images selected for analysis were from both z-stacks and time lapse images 

of foams.  Z-stacks were taken at five random places within a foam.  An image from 

the center of each stack was analyzed, which gave 5 images per foam treatment.  At 

least 200 bubbles were analyzed per foam.  For time lapse images, only one visual 

frame was captured over 10 minutes.  The images from time 0, 2.5 minutes, 5 

minutes, 7.5 minutes, and 10 minutes were analyzed for each treatment.   

Yield stress measurement 

Yield stress of the protein foams was measured according to the method of 

Pernell et al (2000).  A vane was attached to a Brookfield 25xLVTDV-ICP viscometer 

(Brookfield Engineering Laboratories, Inc., Middleboro, MA).  Yield stress 

measurements began immediately after foam generation and were completed within 

5 min.  The vane (10 mm in diameter and 40 mm in length) was gently lowered into  

the foam until the top edge was even with the foam surface in the mixing bowl.  After  
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the vane was positioned, rotation began at a speed of 0.3 rpm and the percent 

maximum torque was recorded.  Three consecutive measurements were taken per 

foam, and each foam treatment was replicated three times. The average of the three 

maximum torque values was used to form one data point, and the yield stress was 

then calculated using the following equation: 

Equation 3 

        

where τ0 is is the yield stress, M0 is the maximum torque, h is the vane height and d 

is vane diameter.   

Angel Food Cake Preparation  

Angel food cake batters were prepared based on the method of Pernell et al 

(2002b).  Solutions at 10% (w/v) protein and 12.8% (w/v) sucrose were prepared 

and foams were generated by the same methods stated above, except foam 

whipping time was only 15 minutes.  To prepare cake batters, 66.0 g of cake flour 

and 151.6 g of 10x powdered sugar (both obtained from a local supermarket) were 

sifted together three times.  The flour/sugar mixture was gently folded into the foam 

using a balloon whisk in 3 installments and no more than 30 strokes total.  The 

batter was poured into 3 cake pans (size 6.5 cm ×  13 cm ×  5.5 cm) with 75.0 g 

batter in each pan.  The batter was gently pushed into the corners of the pan using a 

spatula when necessary.  The cakes were baked for 14 minutes in a conventional 

oven at 400°F (204°C).  After baking, the cakes were cooled upside down on a wire 

rack for 30 minutes at room temperature.  After cooling, cake volume was measured 
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by a rapeseed displacement method.  Cakes were prepared in duplicate and 

volumes were averaged from six cakes. 

Angel Food Cake Batter Preparation for Microscope 

Angel food cake batters were prepared as described above, except that 

0.1mM sodium fluorescein added to the foaming solution prior to whipping and 

foams were whipped for 20 minutes.  The flour and sugar were folded into foam 

using a rubber spatula, and the additional folding was completed within 5 minutes of 

whipping termination.   

Protein-Sucrose Foams or Cake Batter Microscope Slide Preparation 

A small amount of foam or cake batter was transferred to a microscope slide, 

where it was placed inside a metal ring with an inner diameter of 1.5 cm and a height 

of 0.1 cm.  A #1.5 coverslip was placed on top of the batter, which was then pressed 

down until level with the top edge of the metal ring, providing an even height of 

batter and a sample preparation similar to that of Lau and Dickinson (2005).  The 

sample was imaged immediately. 

Confocal Microscopy 

Samples were viewed using an Olympus BX61 research microscope 

equipped with an Olympus FV5 PSU confocal scanning laser (Olympus America 

Inc., Center Valley, PA).  An argon laser excited samples at 488nm, and light was 

collected at a range from 500-550 nm.  A UPlanFL 4x, with a 0.13 numerical 

aperture, was the objective used for 4x magnification.  A 4x magnification was used 

to keep multiple bubbles in the viewing area, even with the large bubble size 

observed with heating.  Collected images were viewed using Fluoview software. 
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A Linkam PE-BX120 heating/cooling stage attached to a Linkam PE 94 

temperature control (Linkam Scientific Instruments, Surrey, U.K.) was used for 

heating.  For these experiments, the temperature started at 25°C and increased to 

85°C at a rate of 10°C per minute.  Images of the foams or cake batters were taken 

at 25°C, and then the heating ramp began.  At subsequent 10°C intervals, the 

temperature was held and images were taken until the foam structure was no longer 

visible.  This method showed changes in a single frame with heating, and treatments 

were completed in triplicate. 

Statistical Analysis 

Statistical analyses were performed using the General Linear Model 

procedure of the SAS statistical software package (Version 9.1; SAS Institute, Inc., 

Cary, N.C., U.S.A.).  Analysis of variance was conducted with means separation to 

determine differences between treatments.  Significant differences were established 

at 050.≤p . 

 

Results and Discussion 

 Confocal microscopy combined with image analysis is a useful tool for 

characterizing bubble size distributions of foams.  Images taken utilizing confocal 

microscopy show a thin optical section of a thick sample.  Figure 2 shows confocal 

microscopy images of WPI and EWP foams.  These representative images were 

from the center of a z-stack, and all represent approximately the same time after 

foam generation. 
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WPI 1 WPI 2

100% WPI

916 μm x 916 μm 1000 μm x 1000 μm

75% WPI/ 
25% EWP

908 μm x 908 μm 1000 μm x 1000 μm

50% WPI/ 
50% EWP

915 μm x 915 μm 1000 μm x 1000 μm

25% WPI/ 
75% EWP

954 μm x 954 μm 1000 μm x 1000 μm

100% EWP

915 μm x 915 μm 1000 μm x 1000 μm  

Figure 2: Confocal images of WPI, EWP and combination foams.  Field size is 
shown below each image.  
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These foam images lead to several conclusions.  First, WPI and combinations 

involving WPI 1 show numerous smaller bubbles compared to WPI 2.  Also, foams 

prepared from EWP have a large number of more closely packed small bubbles 

compared to WPI, which has fewer bubbles of a larger size.  Combinations appear 

visually similar to both WPI and EWP, containing both small and large bubbles.  In 

addition, bubbles do not appear to be completely spherical, especially in 100% EWP 

foams.  To further investigate the deviation of bubbles from a spherical shape, 

bubble shape factors were calculated using image analysis.  Two representative 

histograms of bubble shape factors are shown in Figure 3. 
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Figure 3:  Bubble shape factor histograms for WPI 1 foam (top) and EWP foam 
(bottom).  Shape factor of 1 represents a perfect sphere. 
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 Bubble shape factor histograms (Figure 3) show that foam bubbles differ from 

a perfect sphere, represented by a shape factor of one.  The shape factors generally 

formed a distribution skewed toward the lower numbers and centered around 0.85 to 

0.90.  From this data, it is evident that all bubbles are not spherical.  Instead of 

assuming spherical bubble shapes and calculating bubble diameters, bubble area 

was calculated.  Utilizing bubble shape factor and bubble area as a method of image 

analysis has been previously done for cake batter (Hicasmaz et al, 2003).  

 Mean and median bubble areas were calculated and are shown in Figure 4.  

The means and medians are averages of five random images taken throughout the 

foam.  This confirmed visual observation that WPI 1 and WPI 1 combination foams 

show smaller bubble sizes than WPI 2.  Also, WPI 2 combinations tended to show 

bubble sizes intermediate to WPI and EWP in a somewhat linear fashion, while 

foams made with WPI 1 showed a more consistent bubble size over the treatment 

spectrum.  All foams made with combinations of WPI and EWP did not show 

statistically significant differences (p>0.05) in mean and median bubble areas when 

compared to other foam combinations made with the same type of WPI.  This 

suggests that the amount of WPI substituted into combination foams has a similar 

impact on bubble size, whether 25% or 75% is substituted for EWP. 
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Figure 4:  Mean bubble area (top) and median bubble area (bottom) for foams 
prepared with combinations of EWP and WPI.  Data is compiled from 5 random 
images throughout the foam and error bars represent one standard deviation above 
and below the mean. 
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 Foams were also imaged in a time lapse manner, with one frame kept in 

focus and imaged over 10 minutes.  Analyses of time lapse images are shown in 

Figure 5.   
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Figure 5:  Bubble count per unit area for a single frame over time for WPI, EWP, and 
combination foams. 
 
 

The parameter of bubble count per unit area over time shows several 

interesting features of the data.  Destabilization mechanisms in foams, such as 

coalescence and disproportionation, result in changes in bubble size distributions.  

Coalescence is the rupturing of the film between two bubbles, joining them into one 

bubble.  Disproportionation occurs when gas diffuses from small bubbles through the 

aqueous phase into larger bubbles, resulting in small bubbles shrinking and large  
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bubbles growing.  Both destabilization mechanisms would result in a reduced bubble 

count.  Figure 4 shows a decrease in bubble count over time for WPI foams as well 

as WPI/EWP combination foams.  However, 100% EWP exhibited a consistent 

bubble count over time, an indicator of greater stability.   

Characterizing the particular destabilization process at work is difficult simply 

by looking at bubble count over time.  Looking at general bubble size distributions, 

coalescence could be shown by larger bubbles appearing.   Disproportionation 

results in a bimodal distribution as the large bubbles grow at the expense of smaller 

bubbles (Pugh, 1994).  Simply observing the bubbles over time is one way to 

determine the difference between coalescence and disproportionation.  Time lapse 

images were processed into time lapse videos.  From the movies, coalescence was 

not observed, while the shrinking and eventual disappearance of small bubbles and 

growth of large bubbles was seen.  This leads to the conclusion that 

disproportionation is the main destabilization mechanism seen in these foams.  In 

theory, viscoelastic films such as those formed by proteins at the air-water interface 

should inhibit the diffusion of gas into the aqueous phase. However, research has 

found that even highly viscoelastic films do not stop disproportionation but only slow 

it down slightly (Dickinson et al, 2002; Du et al, 2003).  Disproportionation has also 

been observed from confocal microscopy time lapse imaging as a destabilization 

mechanism in foams produced from a combination of egg white and invert sugar 

(Lau and Dickinson, 2005).   

Bubble count per unit area is also a useful parameter for estimating total 

surface area of bubbles in a foam.  This is applicable to the Princen and Kiss (1989) 



 92

model of foam yield stress shown in Equation 1.  Bubble count per area is 

proportional to the parameters of gas volume fraction divided by surface mean drop 

radius of the bubbles, also an estimate of total surface area of bubbles.  Substituting  

bubble count per unit area for gas volume divided by drop radius gives Equation 4: 

 

Equation 4 

 where τ0 is is the yield stress, γ is the interfacial tension, and Y(Φ) is an 

experimentally derived parameter.  A plot of foam yield stress against the product of 

bubble count per area and surface tension of the foaming solution (measurements 

provided by Xin Yang and presented in the previous chapter) should represent the 

Y(Φ) experimentally derived parameter.  This is shown in Figure 6.  
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Figure 6:  Yield stress of foams made with WPI, EWP, or combinations of the two 
plotted against the product of bubble count per unit area and surface tension of the 
foaming solution. Linear regressions and R2 values are displayed for WPI and 
WPI/EWP combinations as well as EWP foams.   
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these foams are shifted up higher in yield stress.  According to equation 5, this 

suggests that the Y(Φ) experimentally derived parameter in the  Princen and Kiss 

(1989) model of yield stress is higher for EWP foams compared to WPI or WPI/EWP 

combination foams.  A higher Y(Φ) for EWP foams compared to WPI foams has 

been previously seen (Pernell et al, 2002a).  The behavior of WPI/EWP combination 

foams fell in line with that of WPI, suggesting the WPI dominated the interface in 

foams composed of both WPI and EWP even at the lowest level of 25% WPI: 75% 

EWP.   

Angel food cakes are a useful application for evaluating protein foaming 

functionality since protein foams are initially generated and then used as an 

ingredient in the cake.  WPI has good foaming properties but has been found to 

perform poorly when substituted for EWP in angel food cakes.  Figure 7 shows cake 

volumes obtained from cakes prepared with WPI, EWP, and combinations of the 

two. 
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Figure 7:  Volumes of angel food cakes made with combinations of EWP and WPI 1 
(top) or WPI 2 (bottom). 



 96

While the two different types of WPI show slightly different cake volumes, the 

main trend is the same.  Cakes composed of at least 50% WPI (50% or less EWP) 

showed volumes significantly (p< 0.05) lower volumes than those prepared with 

EWP or 75% EWP: 25% WPI.  The volume measurements indicate that with at least 

75% EWP present, angel food cakes produce volume measurements similar to 

those made with 100% EWP.  Statistical analysis showed no significant difference 

between cakes produced with 75% EWP: 25 % WPI and 100% EWP (p>0.05).  

However, volume measurements do not give a comprehensive understanding of 

cake structure.  Photos of cross-sections of angel food cakes prepared with 100% 

EWP and 75% EWP: 25% WPI are shown in Figure 8. 

 
Figure 8: Cross sections of angel food cakes prepared using of 100% EWP (left) and 
75% EWP: 25% WPI (right). 

 

Differences between angel food cakes prepared with 100% EWP and those 

with just 25% WPI substitution are not seen in cake volume, but can be seen in 

cross-sectional images.  EWP cakes exhibited a smaller bubble structure and finer 

texture.  Cakes prepared with 75% EWP: 25% WPI showed a much larger bubble 

structure as well as a concave surface, indicating cake expansion and slight 
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collapse.  Other cakes prepared with greater proportions of WPI showed even larger 

bubbles structure and more collapse, hence the lower cake volumes.  The 

conclusion drawn from the images suggest that WPI dominates the interface when 

both WPI and EWP are present and affects cake stability, even in substitutions of 

25% WPI. 

To further investigate these differences, confocal microscopy was utilized to 

view the microstructure of foams prepared with EWP, WPI, and 75% EWP: 25% 

WPI.  The foams were all produced at a level of 10% (w/v) protein and 12.8% (w/v) 

sucrose, which is comparable to the sucrose levels used to produce angel food 

cakes.  These protein and sugar foams were “baked” on a heating stage attached to 

a confocal microscope.  Each treatment was completed in triplicate, with similar 

results seen for each replicate.  Figure 9 shows representative foam images for each 

treatment at temperatures from 25°C to 55°C. 
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 Figure 9: Confocal images of WPI, EWP and WPI/EWP combination foams (10 % 
w/v protein and 12.8% w/v sucrose) with heating.  Field size is 3.6 mm x 3.6 mm. 
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Sodium fluorescein is a water soluble fluorescent dye that binds to protein.  

Thus, in Figure 9, the aqueous protein solution is shown as the green phase while 

air bubbles are black.  EWP contains some insoluble particles in solution, but these 

were not removed as they have not been seen to make a difference in bulk foaming 

properties (see previous chapter).  Several insoluble particles are visible in the EWP 

foam image as well as in the 75% EWP/25% WPI images. 

 At 4x magnification and 25°C, all treatments appear similar in bubble size.  

With heating to 35°C, all foam images still appear similar.  However, at 45°C, EWP 

foams deviated from the other treatments.  At this temperature, EWP foams started 

to form a network.  By 55°C, EWP foams showed a network of thin films and beyond 

this temperature little can be seen with a confocal microscope.  In contrast, both 

types of WPI showed similar patterns at 45°C and 55°C, with bubbles growing larger 

with increasing temperatures.  No aqueous phase network was formed.  At 

temperatures around 65°C, bubble expansion reduced the aqueous phase to a thin 

film, usually followed by film rupture.  The combination of 75% EWP and 25% WPI 

treatments showed properties most similar to that of WPI.  A slight difference was 

seen around 55°C, where combination foams exhibited slightly more bubble 

deformation than WPI although this did not result in a stronger network.  The 

combination foams behaved like WPI at higher temperatures, showing thin film 

formation and subsequent rupture. 

 Pernell and others (2002b) investigated the thermal transitions of protein-

sugar solutions using differential scanning calorimetry (DSC).  The peak temperature 

was correlated to protein denaturation temperature and was found to be 84°C for 
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10% EWP and 77°C for 10% WPI (Pernell et al, 2002b).  This suggests that EWP 

should denature at higher temperatures than WPI.  However, Figure 9 shows EWP 

foams began network formation at lower temperatures than WPI foams and also at a 

temperature (~45°C) much lower than the reported protein denaturation temperature 

(84°C).  The disparities may be due to the fact that DSC measured protein 

denaturation of a solution, while the microscope images show network formation of a 

foam.  When a solution was whipped into a foam, proteins at the air-water interface 

unfolded and were already at least partially denatured before heating even began.  

Once partially denatured, EWP foams showed network formation at lower 

temperatures compared to the reported denaturation temperature.  WPI foams 

showed little network formation. 

Angel food cake batters produced from protein-sucrose foams were also 

imaged using confocal microscopy.  The batters were imaged in triplicate for each 

treatment, and a representative image of each is shown in Figure 10. 
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Figure 10: Confocal images of WPI, EWP and WPI/EWP combination foams mixed 
into an angel food cake batter and heated.  Field size is 3.6 mm x 3.6 mm. 
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Angel food cake batters showed a pattern similar to those observed in the 

protein-sucrose foams upon heating.  However, for cake batters, the initial image at 

25°C exhibited larger bubbles for WPI and WPI/EWP combination treatments.  This 

could be partially due to the extra five minutes and additional hand mixing needed to 

produce the cake batter.  However, WPI and WPI/EWP combinations showed 

bubble sizes larger than EWP cake batters from the first image.  This indicated that 

some destabilization process was at work even before heating the cake batters.  

Disproportionation was observed in time lapse movies of foams (see previous 

chapter), and thus is likely also at work in cake batters.  Also, some coalescence 

was observed when preparing and focusing the microscope for imaging.  The 

addition of cake flour and powdered sugar, plus the action of folding the dry 

ingredients into the protein-sucrose foam, increases the instability of WPI foams, but 

appears to have no negative effects on EWP foams.   

 WPI foams showed large bubbles present at 25°C which grew to extremely 

large bubbles with an increase in temperature.  Batters composed of 25% WPI and 

75% EWP followed a very similar pattern, starting off with large bubbles growing 

larger, indicating that the interface was dominated by WPI even at only 25% 

substitution.  However, EWP batters showed smaller bubbles from the first 

measurement and had enough of a network stabilizing the bubbles that they grew at 

a much slower rate.  Even at temperatures higher than 55°C, EWP batters showed a 

stable network, shown in Figure 11.  Bubbles continued expanding with heating, but 

did not coalesce into extremely large bubbles as seen in the WPI and WPI/EWP 

combination cake batters.   
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Figure 11: Confocal images of 100% EWP angel food cake batter with heating 
(continuation of images of EWP cake batter seen in Figure 10).  Field size is 3.6 mm 
x 3.6 mm. 
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 Pernell and others (2002b) investigated heating angel food cakes made with 

EWP and WPI.  When baked in an oven, the cakes showed similar cake height 

changes until reaching an internal temperature of about 75°C.  After this point, 10% 

WPI cakes declined in volume while 10% EWP cakes continued to expand and 

maintained the maximum volume (reached around 95°C) (Pernell et al, 2002b).  In 

Figure 10, differences in the microstructure of the cake batters could be seen at 

much lower temperatures.  Also, Pernell and others found DSC peak temperatures 

on cake batters to be 94°C for 10% EWP and 91°C for 10% WPI cake batters.  This 

mainly corresponds with starch gelatinization, as the peak temperature for cake 

batter without protein was 89°C (Pernell et al, 2002b).  However, Figure 11 shows 

whipped cake batters set up structures at much lower temperatures.  EWP batters 

set up a structure maintained throughout the heating process, while WPI and 

WPI/EWP combination batters failed to form a network, resulting in bubble 

destabilization and huge bubbles by 55°C.  The bubble network was destabilized 

long before starch gelatinization could assist in setting up a solid structure. 

 Visual observation of the microstructure of cake batters corresponds to 

rheological data on cooking batters also investigated by Pernell and others (2002b).  

Phase angle data on cakes made with EWP and WPI were collected during a 

heating process mimicking baking.  Both batters had a phase angle measurements 

between 0 and 45, which signified the batters were acting like elastic solids.  At the 

start of the temperature ramp, the batters showed comparable phase angles, but 

diverged by 60°C.  The phase angle of the WPI batter increased until it reached 
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about 90°C, which suggested the batter became more viscous.  In contrast, the 

EWP batter showed a continuous decrease in phase angle, implying that structure 

became more elastic with heating (Pernell et al, 2002b).  This corresponds with 

observations on the microstructure of cake batters seen in Figures 10 and 11.  By 

55°C, the WPI and WPI/EWP combination batters showed large bubbles, indicating 

a breakdown of the original foam structure.  However, EWP exhibited small bubbles 

characteristic of an elastic network structure and maintained this structure through 

heating to 85°C. 

  The change in EWP foams around 55°C corresponds with data (currently 

unpublished) investigating the effect of using pre-heated solutions to prepare angel 

food cakes.  Cake volume data showed no major changes in WPI angel food cakes 

made with protein solutions heated at temperatures ranging from 20°C to 70°C.  

However, EWP cakes showed a high volume with solution heat treatments between 

20°C and 50°C, but then had a large decrease in volume between and 50°C and 

60°C.  EWP foams observed in this research showed the formation of a network 

around 55°C.  This leads to the hypothesis that a change occurs in EWP solution in 

this temperature range, resulting in interactions between proteins to form a network.  

When this solution is later whipped to form angel food cakes, the proteins are not 

ideally suited for stabilizing foams. 



 106

Conclusion 

The yield stress model suggested by Princen and Kiss (1989) fit bubble count 

per unit area, surface tension, and yield stress data collected on foams made with 

EWP, WPI, and combinations of the two.  WPI and WPI/EWP combination foams 

showed a linear relationship, while EWP foams deviated from the pattern, exhibiting 

a higher yield stress.  Microstructural examination showed that EWP foams with 

sucrose formed a network at a lower temperature (~55°C) than WPI and WPI/EWP 

combination foams.  Also, EWP cake batters observed using confocal microscopy 

formed a stable network during heating, while WPI and WPI/EWP combination cake 

batters showed similar destabilization, resulting in huge air bubbles.  These results 

suggest that foams produced from a combination of WPI and EWP more closely 

resemble WPI foams, indicating that WPI may dominate the interface in foams 

where both proteins are present.   
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