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The formation and stabilization of oil-in-water emulsions using well-defined and wellcharacterized proteins and peptides was studied in order to elucidate the relation between their
molecular andfunctional properties.The emulsionswereformedwitha high-pressure homogenizer.
To study the effect of the homogenizer scale on the emulsion properties, emulsions were prepared
with a laboratory and a small industrial homogenizer. The flow in the industrial homogenizer was
shown to be turbulent. In the laboratory homogenizer, droplet break-up was found to occur in a
bounded laminar type of flow, resulting in a poor operating efficiency. The effect of the flow type on
the emulsion properties, however, appeared to be small, if the number of passes through the
laboratory homogenizer was sufficiently high.
Proteins appeared to have good emulsion forming properties as long as protein
aggregation was absent. Inthose cases, the recoalescence rate during homogenizationwas found
to be similar and only small differences in the droplet size of emulsions could be determined. The
surface excess of the emulsion droplets appeared to be governed by the conformational stability
and the aggregated state of the proteins. Globular proteins with a high conformational stability
yielded relatively low surface excesses,while aflexible random coil protein, like p-casein, yielded a
relatively high surface excess. Protein aggregation may be due to physicochemical conditions and
surface or heat denaturation. If protein aggregates were present, the emulsion droplets were also
often aggregated.The droplet size, surface excess, and rate of recoalescence of these aggregated
emulsions were usuallyfoundto be relatively high.
The emulsion forming properties of p-casein peptides appeared to be comparable or
superior tothose of intact proteins.Amphiphilic peptideswithout the hydrophobic C-terminal domain
of p-casein yielded a relatively low surface excess, likely due to strong electrostatic interactions
between the highly charged groups of the N-terminal end. The surface excess of emulsions made
with hydrophobic peptides with a removed N-terminal domain was comparable to those of
emulsions made with intact p-casein. The peptides were due to their relatively small molar mass
more readily desorbed fromtheoil/water interfacethan intact proteins.
The coalescence stability of emulsions made with proteins was high even at low protein
concentrations and appeared to be mainly determined by the surface excess of the droplets. The
emulsion stabilizing properties of p-casein peptideswere inferior tothose of intact proteins probably
due to their relatively low molar mass. Comparison of the stability of emulsions made with
amphiphilic peptides with an intact or partially removed N-terminal domain showed that this domain
was of great importance for providing stability against coalescence. The coalescence stability of
emulsions made with hydrophobic peptides was relatively high, which was attributed to the high
surface excess of the droplets. The electrostatic and steric interactions appeared to be of great
importance for stabilizing emulsions made with peptides against coalescence as was indicated by
the effect of changes in pHand ionic strength onthe stability.
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Chapter 1
Protein and peptide stabilized emulsions:
introduction

Chapter 1

1.1

General introduction

In many food products, proteins act as emulsifiers and emulsion stabilizers.
Protein hydrolyzates or peptides are often used in emulsified clinical formulas to
improve digestibility and to reduce allergenic reactions. The emulsion forming
properties of proteins and peptides are usually good. Peptides are, however,
generally less capable of stabilizing emulsions than proteins. Moreover, the
suitability of proteins and peptides is strongly dependent on the type of food
product inwhichthey areused.
The functionality of proteins and peptides has been the subject of many
studies. Most research has beendone using modelsystemsto be ableto establish
the behaviour of proteins and peptides in more complex, food products. The
relation between the molecular and emulsion forming and stabilizing properties of
proteins and peptides is, however, still little understood. A fundamental
understanding is often hampered due to the use of protein and peptide mixtures
with undefined properties. Also, often methods are used which poorly distinguish
between the various aspects of emulsion formation and stabilization,orwhich yield
results that hardly correlate with the properties of interest (Hailing, 1981;Walstra,
1996).
Foran effective andwide-spread use of proteins and peptides inemulsions,
a good understanding of their functionality is essential. To obtain this
understanding, the emulsion forming and stabilizing properties of purified proteins
and peptides with well-defined and widely varying molecular properties have been
studied.
1.2

Emulsion formation

Extensive reviews onemulsion formation aregiven byWalstra (1983, 1993)
andWalstra andSmulders(1998).Abriefsummary isgiven below.
Emulsions are mixtures of at least two immiscible liquids of which one is
dispersed as droplets into the other, which forms the continuous phase. To make
an emulsion, droplets have to be generated from the interface between these
liquids. This process is relatively easy. For a stable emulsion, however, the
droplets have to be sufficiently small. The break-up of large droplets into smaller
ones requires a large amount of energy. This energy is needed to overcome the
Laplace pressure, which opposes the deformation and thus break-up of emulsion
droplets. The Laplace pressure (pL) is defined as the pressure difference between
the insideandoutsideofadropletandisgivenby
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pL=4j
a

(1.1)

whereyisthe interfacial tension anddthedroplet diameter.
Droplet deformation and break-up increases the interfacial area of
emulsions. If present, surfactants adsorb at this newly created droplet interface.
The adsorbed surfactants lowerthe interfacial tension,facilitating droplet break-up,
and prevent immediate recoalescence of colliding droplets. The interfacial tension
and stability of the newly formed emulsion droplets against recoalescence depend
ontheconcentration andinterfacialpropertiesofthesurfactant.
The processes of droplet break-up, surfactant adsorption, and droplet
collision, possibly followed by recoalescence, occur simultaneously and repeatedly
during emulsion formation. The droplet size ofthe emulsion formed isthe result of
a kindofsteady state between droplet break-up and recoalescence andthus ofthe
time-scales of the different processes. For example: the time elapsing between
break-up and subsequent collision of droplets is the time available for surfactant
adsorption, hence the time available for stabilizing the droplets against
recoalescence. The time-scales of the various processes depend on the
hydrodynamic conditions in the emulsifying equipment and the intensity of the
emulsification process. For high-pressure homogenizers, the time-sales are
generally intheorder of microseconds.
1.3

Emulsion stability

The physical instability of emulsions may occur in various, often correlated
forms. A brief overview of the various types is given below. Most of the data are
takenfrom anextensive review onemulsion stability byWalstra (1996).
1.3.1Creaming
Afrequently occurring type of instability isemulsion creaming.The creaming
rateofemulsion droplets isroughly given bythe Stokes equation

v.

=a ^ . r . P c ) r f 2
18TI C

where vsisthe Stokes velocity, athe acceleration, pthe density andr\ the viscosity
of the disperse (subscript d) or continuous phase (subscript c). According to
Stokes, the creaming velocity is governed by the equilibrium between the droplet
buoyancy andthedragforce actingonthedroplets.The buoyancy force isgivenby

(1.2)
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the density difference between the disperse and continuous phase, the droplet
size,andthe acceleration duetogravity or centrifugation.Thedragforce actingon
moving droplets decreases the creaming rate and isdependent ondroplet sizeand
viscosity ofthecontinuous phase.
Equation 1.2may only be applied at a limited number of conditions. Factors
affecting the creaming velocity are:the volume fraction of the disperse phase,the
width ofthe droplet size distribution,the hydrodynamic and interfacial properties of
the droplets, and the Theological properties of the continuous phase. Creaming is
furthermore opposed bythe Brownian or heat motionofdroplets and by convection
currents due to temperature gradients. As a result, food emulsions are generally
stable with respect to creaming if the average droplet size is smaller than one
micron.
The creaming stability of emulsions is often studied using accelerated
creamingtests. However, manyofthefactors mentioned before are affected bythe
test conditions, thus changing the creaming stability of emulsions. The results of
thesetests should,therefore, betreatedwithcaution.
1.3.2 Aggregation
When emulsions are aggregated,the droplets remain close for a prolonged
period of time without rupture of the film separating them. Droplet aggregation
results in an increased particle size, and hence in most cases in a decreased
creaming stability. Some authors distinguish various types of aggregation
according to the degree of reversibility using terms like aggregation, flocculation,
and agglomeration. These types are, however, hard to distinguish and here only
thegeneraltermaggregationwill beused.
Droplet aggregation is governed by the interaction forces acting between
droplets. According to the DLVO theory, the interaction free energy (Vint) between
two droplets equals the sum of the van der Waals attraction (VA) and the
electrostatic repulsion (VE). The magnitude of these forces depends on the
distance between thedroplets,thefilmthickness (/?).Anexample isgiven in Figure
1.1.
Emulsion droplets aggregate if the attraction force exceeds the repulsion
force, i.e. if the interaction free energy is negative. The interaction free energy as
function of the distance between droplets often shows two minima.At a very short
distance, the van der Waals attraction between droplets is very strong and a socalled primary minimum is found. The van der Waals attraction decreases rapidly
with increasing filmthickness,whilethe electrostatic repulsion can remain relatively
high, resulting in a maximum in the interaction free energy. If the film thickness
increases further, the electrostatic repulsion and to a lesser extent the van der

Introduction

Waals attraction decrease, often resulting in a shallow secondary minimum. The
presence of adsorbed surfactants often affects the relation between the interaction
free energy and the film thickness, making the interactions much more complex
(Walstraetal., 1999).
VlkT

h (nm)

Figure 1.1

Example of the calculated interaction free energy (Vint), van der Waals attraction
(VA), and electrostatic repulsion (VE) between two identical droplets as afunction of
interdroplet distance (h), according to DLVO theory.

Adsorbed polymers often induce astrong repulsion between droplets dueto
the formation of a thick layer of protruding polymer chains. At a droplet distance
smallerthantheeffective thickness ofthis layer, astrong steric repulsionwill occur
due to a restricted mobility of the polymer chains. At a distance somewhat larger
than the effective layer thickness, the repulsion can still be strong due to an
increased osmotic pressure caused by overlapping polymer layers. The effective
thickness of the adsorbed layer is determined by the polymer properties and the
solvent quality. At a poor solvent quality, the adsorbed layer is relatively thin and
attraction between polymer chains mayoccurduetoadecreased osmotic pressure
and an increased van der Waals attraction. The solvent quality is affected by
temperature, ionicstrength,anddielectric constant.
Ifthe adsorbed polymers are polyelectrolytes, aggregation may occur below
a certain degree of dissociation of the ionic groups and may thus depend on pH.
Strong aggregation isalso possible if polymers possess reactive groups which can
form covalent cross-links with polymers adsorbed at other droplets. Non-covalent
linkage of charged groups of adsorbed polymers by particularly divalent ions may
also causeaggregation.
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Other possible types of aggregation are bridging and depletion flocculation.
Bridging flocculation may occur if the surface excess of polymers adsorbed at
emulsion droplets is well below the plateau value or if surface-active particles are
present insolution. Inthesecases,asingle polymer or particle may link dropletsby
adsorption at two separate droplets. The resulting aggregates are also called
homogenization clusters and are sometimes readily disrupted by slight agitation
(Ogdenetal., 1976).
Depletion flocculation may occur if relatively large polymers are present in
solution. These polymers are,duetotheir size,depleted near the droplet interface.
As a result, the polymer concentration is higher in the bulk phase than near the
droplet interface, leading to an increased osmotic pressure of the bulk phase.
Droplet aggregation decreases this osmotic pressure by reducing the size of the
depleted region near the droplets. Depletion flocculation may occur with nonadsorbing polymers, like polysaccharides, or with small particles, like soap and
protein micelles (Dickinson etal., 1997).
13.3 Coalescence
Coalescence occurs if the film between two emulsion droplets is ruptured
and the droplets join to form a single, large droplet. Eventually, this process will
result in a complete separation of an emulsion in an oil and water phase. For
coalescence tooccur,thefilm betweendroplets should beverythinfor a prolonged
period of time. Coalescence is, therefore, more likely to occur when emulsion
droplets arecreamed oraggregated.
The coalescence rate isgoverned bytwo processes:the rate atwhich athin
film between droplets isformed (either byaggregation orcreaming),andthe rateat
whichthisfilm is ruptured.Usually,film rupture isthe ratedetermining step,making
coalescence a first-order rate process (van den Tempel, 1957). The film rupture
rate increases with increasing film size, hence increasing droplet size. Therefore,
thecoalescence stability ofemulsions often decreases intime.
Surface-active polyelectrolytes are generally effective stabilizers against
coalescence. Polyelectrolytes adsorbed at emulsion droplets hamper the formation
of a thin film due to the strong steric repulsion caused by the thick layer of
adsorbed chains and due to the electrostatic repulsion by charged groups. The
adsorbedamountshould,however, besufficiently high.
To study the coalescence stability of emulsions often accelerated tests, like
centrifugeor highosmotic pressuretests,are used.The correlation ofthe resultsof
these tests with the stability of emulsions stored under quiescent conditions tends,
however,tobe poor.
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Aspecial typeofcoalescence, partialcoalescence orclumping, mayoccur if
the disperse phase is partially crystallized. Crystals protruding into the continuous
phase may penetrate other emulsion droplets, causing coalescence. Full
coalescence is, however, prevented by the presence of a crystal network in the
dropletsand asaresultthedroplet shape islargelyretained.
1.3.4 Ostwaldripening
Ostwald ripening or disproportionation is the type of instability that may
occur if the disperse phase is (slightly) soluble in the continuous phase. The
solubility of the disperse phase is proportional to the Laplace pressure and thus
increases with decreasing droplet size. The concentration of disperse phase
material will, therefore, behigher near smalldroplets than near large droplets.Asa
result, material diffuses from small to large droplets, resulting in a decreasing size
ofthesmalldroplets andanincreasing sizeofthe largedroplets.
Ostwald ripening is generally of little importance for the stability of oil-inwater emulsions as long as the molar mass of the oil molecules is sufficiently high
in order to prevent solubilization into the aqueous phase (Davis and Smith, 1976;
Taisneetal., 1996).
1.4

Interfacial properties of proteinsand peptides

Proteins and peptides in solution generally have a high affinity for many
typesofsurfaces, including oil/water interfaces,and readily adsorb atamuch lower
concentration than small-molecule surfactants (Walstra and de Roos, 1993). The
interfacial tension of an oil/water interface with adsorbed proteins is, however,
relatively high compared to those of an interface with adsorbed small-molecule
surfactants. Small-molecule surfactants are able to form a closely packed layer at
an interface, resulting in a relatively low interfacial tension (Walstra and Smulders,
1998). Proteins and peptides consist of amino acids with varying affinities for
interfaces, hampering averyclosepacking.
Proteins and peptides are predominantly adsorbed atoil/water interfaces via
their hydrophobic segments. Some studies suggest that the hydrophobic groups
may even be dissolved in the oil phase (Graham and Phillips, 1979c; Walstra and
de Roos, 1993).Adsorbed proteins often rearrange their molecular conformation to
facilitate adsorption of hydrophobic groups at an interface, thus attaining an
energetically most favourably conformation. Due to slow conformational changes
after protein adsorption, the interfacial tension often changes in time even if no
more proteinadsorption occurs (Graham and Phillips, 1979a).These slow changes
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often result in time-dependent emulsion properties (Dickinson et al., 1988a;
McClementsetal., 1993).
The extend of the rearrangements after adsorption is governed by the
conformational flexibility of proteins and peptides and by the available interfacial
area, hence surface excess (Walstra and de Roos, 1993). Flexible proteins, like
caseins, adsorb in loops, trains and tails (Graham and Phillips, 1979c). Globular
proteins mostly adsorb asrelatively compactglobules.Theconformational changes
are mostly larger ifthesurface excess islow(Nordeand Favier, 1992).
Proteins and peptides often form a monolayer at oil/water interfaces,
yielding a maximum surface excess. In some cases, multilayer adsorption occurs
and no maximum surface excess is found. These multilayers are usually readily
removed by lowering the protein concentration of the continuous phase (Graham
and Phillips, 1979b). The adsorption of proteins in a monolayer is in general
practically irreversible and,therefore, not an equilibrium process at the time-scale
usually considered (Dalgleish, 1989). For desorption of a protein monolayer to
occur, the protein concentration of the continuous phase has to be extremely low.
Hence, only very few molecules have to desorb to obtain a new equilibrium
(Walstra andde Roos, 1993). Even inthiscase,the rate ofdesorption is practically
zero, since the difference inthe chemical potential of proteins at the interface or in
the bulk isvery small,duetothe extremely small protein concentrations in solution
(Walstra et al., 1999). Ifdesorption occurs,the desorption rate isfound to increase
with increasing surface pressure and to decrease with increasing molar weight
(MacRitchie, 1985). Peptides are,therefore, likelyto bemore readily desorbedthan
intactproteins.
Adsorbed proteins may be desorbed by other proteins (Hunter et al., 1991)
or by small-molecule surfactants (Oortwijn and Walstra, 1979; Feijter et al.,1987).
The susceptibility for such a replacement is governed by the conformational
flexibility and the propensity of proteins for intermolecular interactions (Dalgleish,
1989; Dickinson etal., 1989;Hunteretal., 1991).
If surfactants are adsorbed at an interface, the interface will have certain
rheological properties. Shearing of the interface, i.e. deformation without affecting
the interfacial area, is opposed by the surface shear viscosity. The surface shear
viscosity ofan interface with adsorbed proteins isgoverned by their intermolecular
interactions (Graham and Phillips, 1976). The relation between surface shear
viscosity andemulsion properties is,however, largely unclear (Walstra, 1996).
When an interface is deformed in dilatation, the interfacial area is enlarged
without affecting its shape. If during dilatation the total amount of adsorbed protein
remains constant, the change in interfacial tension is related to the change in
interfacial area according
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where ES(jis the surface dilational modulus and a the interracial area. The surface
dilational modulus istime andratedependent (Walstra andde Roos, 1993).
In emulsions, the interface of droplets may be dilated by the flow of
continuous phase along the droplet interface. The liquid flow can drag along
surfactants adsorbed at the interface, resulting in an interfacial tension gradient.
Due to this gradient, the resistance against further interfacial dilatation increases,
slowing down and possibly even preventing further deformation. The opposite of
this mechanism occurs whenthe interfacial tensiongradient disappears.Thesetwo
mechanisms arecombinedtheso-called Gibbs-Marangonieffect.
The Gibbs-Marangoni effect is during emulsification of great importance for
stabilizing colliding emulsion droplets against recoalescence (Walstra anddeRoos,
1993;Walstra and Smulders, 1998). Iftwo droplets approach,thefilm between the
droplets drains, dragging along interfacial area. An interfacial tension gradient will
be formed, if the film between the droplets becomes depleted from surface-active
material. This gradient prevents further drainage of the film and upon its
disappearance, liquid is dragged into the film, thus increasing the film thickness
and preventing coalescence. The strength of this stabilizing mechanism is
determined by the Gibbs elasticity of the film, which equals twice the surface
dilational modulus.
1.5

Emulsionforming andstabilizing properties of proteins

Proteins are usually water soluble and only suitable for stabilizing oil-inwater emulsions (Walstra and de Roos, 1993). The properties of emulsions made
with proteins are generally thought to be governed by protein properties like
hydrophobicity, amphiphilicity, conformation and conformational stability, charge
and molar mass (Kinsella, 1984). These molecular properties govern the ability of
proteins to lower the interfacial tension during emulsification, hence the formation
ofsmall droplets, andto stabilize emulsions against recoalescence byaffecting the
rheological properties of the droplet interface. These properties determine
furthermore the characteristics of the adsorbed layer, which stabilizes the droplets
against coalescence and aggregation by steric and electrostatic repulsion. Some
general trends found for the relation between the formation and stability of
emulsions andthe molecular properties of proteins will bediscussed. Exceptions to
thesetrends are,however,frequently reported.
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Proteins mainly adsorb at oil/water interfaces via hydrophobic groups
(Walstra and de Roos, 1993). The hydrophobicity, or more specific, the surface or
effective hydrophobicity, and the distribution of hydrophobic groups or
amphiphilicity are, therefore, often believed to be important factors governing the
emulsion forming and stabilizing properties of proteins. Some positive relations
between the surface hydrophobicity and the emulsion forming properties of
proteins have been reported (Katoand Nakai, 1980). However, proteinswithahigh
surface hydrophobicity tend to have poor emulsion forming properties due to their
low solubility (Keshavarz and Nakai, 1979; Nakai, 1983). In other studies, no
correlation could be found (Shimizu et al., 1986b; Saito and Taira, 1987). These
discrepancies are probably due to the use of ambiguous experimental methods for
determining thesurface hydrophobicity ofproteins (Shimizu etal., 1986b).
The conformation and conformational stability of proteins are dependent on
the protein net charge, hence pH.At the isoelectric pH,the net charge of proteins
equals zero and the intramolecular electrostatic repulsion is minimal. As a result,
proteins have a compact conformation and a highconformational stability near this
pH. The intermolecular repulsion is also small near the isoelectric pH, often
resulting ina poor protein solubility, andhence pooremulsifying properties (Hailing,
1981).Atypical example isthe emulsion forming properties of B-caseinasfunction
of pH (Touati et al., 1990). Whey proteins are aggregated near their isoelectric pH
and as a result the emulsions made with these proteins are also aggregated and
have a relatively high surface excess due to adsorption of protein aggregates
(Shimizu et al., 1981). The droplets of emulsions made with (3-lactoglobulin are
relatively large and also aggregated near the isoelectric pH (Hunt and Dalgleish,
1995).Away from this pH,the pH hardly affects the size and surface excess ofthe
emulsions made with this protein (Dickinson and Williams, 1994). Despite the
decreased emulsion forming properties, the coalescence stability generally
appears toberelatively high nearthe isoelectric pHofproteins (Hailing,1981).
Theconformational stability of proteins governs theextend of unfolding after
adsorption at an interface. This stability is usually high if intramolecular disulfidebonds are present and is governed by physicochemical conditions (Dalgleish,
1989). The contribution of the conformational stability to the emulsion forming and
stabilizing properties of proteins remains,however, largelyobscure.
The ionic strength affects the functionality of proteins by shielding of the
proteincharge,hence by reducing theelectrostatic repulsion.Theeffect oftheionic
strength on the emulsion properties depends on the type of protein and the
physicochemical conditions (Hunt and Dalgleish, 1996). At low ionic strengths,
sometimes poor emulsion forming properties are found (Pearce and Kinsella,
1978), probably due to a salting-in effect. At a relatively high ionic strength,
10
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emulsion droplets are often aggregated. Emulsion droplets tend to be less
susceptible to this type of aggregation if the surface excess is relatively high
(Dickinson etal., 1984).
Divalent ions like calcium ions may form intermolecular links between
proteins. If formed between proteins adsorbed at droplet interfaces, these links
often induce emulsion aggregation (Dickinson et al., 1992). The susceptibility for
this type of aggregation depends on the calcium affinity of proteins and the
presence of calcium before or after emulsification. For example, emulsions made
with p-casein are sensitive for calcium induced aggregation if calcium is present
before emulsification (Dickinson et al., 1992). If added after emulsification, calcium
hardly affects the properties of emulsions with p-casein (Dickinson et al., 1998).
Emulsions made with whey proteins are also susceptible to calcium induced
aggregation (Rientjes and Walstra, 1993). For emulsions made with sodium
caseinate, a relatively large droplet size and high surface excess is found in the
presence ofcalcium (Dickinson etal., 1984;Srinivasan etal., 1996).
Droplet aggregation may also be induced by linkage of adsorbed proteins
viacovalent bonds.Some proteins possess reactivegroupswhich may beexposed
by denaturation, resulting in the formation of intermolecular bonds. An example is
the time-dependent exchange ofdisulfide-bonds between adsorbed p-lactoglobulin
molecules due to surface denaturation (Dickinson and Matsumura, 1991).
Completion ofthese reactions requires a long periodoftime and isoftenthe cause
of time-dependent changes in the emulsion properties (Dickinson and Matsumura,
1991; McClementset al., 1993). Reactive groups of proteins may also be exposed
by heatorpressure denaturation (SaitoandTaira, 1987;Galazka et al., 1996).
The emulsion forming properties of heat denatured proteins are often found
to be poor dueto protein aggregation (SaitoandTaira, 1987;Rientjes andWalstra,
1993). As a result, emulsions made with these proteins have a relatively large
droplet size and high surface excess (Oortwijn andWalstra, 1979).The aggregates
may beformed via covalent aswell as non-covalent bonds (Sawyer, 1968; lametti
et al.,1995).The size of the aggregates, hence the effect onthe emulsion forming
properties depends on physicochemical conditions, like pHand ionic strength,and
protein concentration during heating (Saito andTaira, 1987; Roefs and Kruif, 1994;
lametti et al.,1995). Insome cases, heatdenaturation improves thefunctionality of
proteins. For example, the emulsion forming properties of soy proteins were
superior after thermal treatment due to the irreversible dissociation of the proteins
into sub-units (Nir et al., 1994). If the denaturation is reversible, usually no
influence onemulsion properties can bedetermined.
Summarizing, it appears that protein solubility is one of the most important
factors determining the functionality of proteins in emulsions (Hailing, 1981). A
11
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decrease in solubility on even a molecular scale, e.g. a slight increase in the
effective molar mass of proteins due to aggregation, has apparently already a
negativeeffect ontheemulsionformingandstabilizing propertiesofproteins.
1.6

Emulsionformingandstabilizing propertiesof peptides

Instead of comparing the functional properties of proteins with varying
molecular structures, the effect of modifying the molecular structure of a single
protein on its functional properties is often used to study structure-function
relations. Proteins are often modified byenzymatic hydrolysis, since it affects most
properties which are thought to beof importance for protein functionality like molar
mass, hydrophobicity, electrostatic charge, and molecular conformation (Kinsella,
1984).
The effect of enzymatic hydrolysis on the functional properties of proteins
remains, despite of many studies, largely obscure due to the use of complex and
poorly defined peptide mixtures. Few studies were done using pure peptides. For
example Huang et al. (1996) found improved emulsion forming properties for a
flexible, amphiphilic p-lactoglobulin peptide (f. 41-100)-S-S-(f. 149-162) compared
tothose ofthe intact protein.Shimizuet al.(1983) demonstrated the importance of
the N-terminaldomainofasi-caseinfor itsemulsionforming properties. Removalof
this hydrophobic domain resulted inadecreased affinity for oil/water interfaces and
decreased emulsion forming properties. Removal of the even more hydrophobic
C-terminal domain appeared to have less effect on the emulsion forming
properties. Data available for relating the molecular properties of pure peptides to
their emulsion forming and stabilizing properties are, however, limited and few
generaltrendsappear tobedistinguishable.
An important factor determining the functionality of hydrolyzed proteins is
the cleavage specificity of the enzyme used, since this determines the molecular
properties of the peptides formed (e.g. Vojdani and Whitaker, 1994; Multilangi et
al., 1996; Caessens et al., 1999c). The functionality of the hydrolyzates is also
affected by the degree of hydrolysis. At a limited degree of hydrolysis often
improved emulsifying properties are found (Chobert et al., 1988; Vojdani and
Whitaker, 1994). This improvement is frequently due to an enhanced solubility of
the hydrolyzed proteins, especially near the isoelectric pH (Shimizu et al., 1986a;
Chobert et al., 1988; Multilangi et al., 1996). This effect is, however, not always
obvious (e.g.Leeetal., 1987a;Chobert etal., 1988;Vojdani andWhitaker, 1994).
Afurther increase inthedegree of hydrolysisgenerally results in decreasing
emulsifying properties (Saito et al., 1993; Agboola and Dalgleish, 1996). Agboola
and Dalgleish (1996) found a relatively low coalescence stability of emulsions
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made with hydrolyzed sodium caseinate or p-lactoglobulin compared to those of
emulsions made with the intact proteins. The stability of the emulsions decreased
with an increasing degree of hydrolysis, hence decreasing molar mass. It is
generally believed that peptides needto have acertain minimum molar massto be
abletostabilize anemulsion effectively (Leeetal., 1987a;Chobertet al., 1988).
In some cases, synergistic effects between peptides are observed, making
the emulsifying behaviour of peptides even more complex. For example, the
emulsion forming properties of a hydrophobic asi-casein peptide (f. 1-23) and a
hydrophobic p-casein peptide (f. 193-209) were improved in the presence of the
hydrophilic glycomacropeptide of K-casein (Lee et al., 1987b; Shimizu et al.,
1986a).
Finally it is worth mentioning the approach of Enser et al. (1990), Carey et
al., (1994), and Saito et al. (1995) who studied the emulsifying properties of
synthetic peptides. These peptides were designed to possess molecular properties
which were thought to be of importance for their functionality. The size of these
synthetic peptides is, however, limited and so far little evidence for relations
between molecular andfunctional properties could beestablished.
1.7

Aimandoutline ofthesis

Although somegeneraltrendsappear tobediscernible,the relation between
the molecular and functional properties of proteins and peptides is still largely
obscure. To effectively use proteins and peptides in a wide range of emulsified
products, afundamental understanding oftheir functionality is required.To unravel
this structure-function relation, a large, collaborative project was started, titled
"Formation and stability of emulsions and foams with proteins and peptides in
relationtotheir molecular properties".
This project was divided into three sub-projects. One project was concerned
with the enzymatic hydrolysis of p-casein and p-lactoglobulin and a preliminary
testing ofthe foam and emulsion forming and stabilizing properties of the obtained
peptides. This work has been performed and reported by Caessens (1999). Some
ofthe peptidefractionsfromthis projectwereselectedfor amorethorough study in
the other sub-projects. One of these projects was performed by van Kalsbeek (to
be published),who studiedthe relation betweenthe molecular andfoam properties
ofthese peptides and ofseveral intact proteins.Thework ofthethird sub-project is
presented in this thesis and was focused on the emulsion forming and stabilizing
properties ofthe same proteinsandpeptides.
The aimofthis project istoelucidate the relation between the molecular and
emulsion forming and stabilizing properties of proteins and peptides. To achieve
13
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this, the functionality of several pure and well-defined proteins, p-casein,
(3-lactoglobulin, a-lactalbumin, lysozyme and ovalbumin, and of purified p-casein
peptideswasstudied.
Most of the work described in this thesis is the result of small, laboratoryscale experiments. To ensure that the conclusions obtained with these laboratoryscale experiments areapplicable toemulsions produced on an industrial scale,the
propertiesofemulsions prepared onalaboratory and industrial scale high-pressure
homogenizer were compared. The results of this comparison are presented in
Chapter 3.Chapter 4dealswiththeemulsion forming properties of pure proteins in
relation totheir molecular properties. The effect of physicochemicalconditions, like
pH and ionic strength, and heat denaturation on these properties is discussed.
Similarly, the emulsion forming properties of p-casein peptides are described in
Chapter 5. The emulsion forming properties of these peptides are compared to
those of intact proteins. Chapter 6 is concerned with the coalescence stability of
emulsions made with proteins and peptides. Differences in the properties of the
studied proteins and peptides are highlighted. Finally in Chapter 7, an overview of
the properties of proteins and peptides is given. A hypothesis of the relation
between their molecular and emulsion forming and stabilizing properties is
presented.
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2.1

Materials

2.1.1 Proteins
Proteins were selected according to the following criteria: well-characterized
molecular properties, widely varying molecular conformations and conformational
stabilities, and availability in a high purity. Bovine (3-casein (90% based on dry
weight, 95% based on total nitrogen, w/w) was obtained from Eurial (France).
Bovine p-lactoglobulin (morethan 95%based ondryweight,w/w) was prepared by
Caessens et al. (1997b). Bovine a-lactalbumin (90% based on dry weight, 95%
based on total nitrogen, w/w) was kindly provided by NIZO (The Netherlands).
Electrophoretically pure henegg-white lysozymewas kindly supplied by NIVE(The
Netherlands). Hen ovalbumin (more than 98%, w/w) was obtained from Sigma.
Sodium caseinate (DMV-lnternational, the Netherlands) and whey protein (Bipro,
LeSueur Isolates, USA)were usedfor large-scale experiments.
2.1.2 J3-Caseinpeptides
Peptides of p-casein were prepared, fractionated, and characterized by
Caessens and co-workers (1997a; 1999, 1999b). p-Casein was hydrolyzed by
plasmin. During the hydrolysis, a precipitate was formed which was removed from
the reaction mixture by centrifugation. This pellet (PEL1: f. 106/108/114-209)
consisted of peptides originating from the hydrophobic N-terminal domain of
P-casein. The supernatant of the reaction mixture was ultrafiltered using a
membrane with a molecular weight cut-off of 5 kDa. The peptides in the retentate
consisted mainly of amphiphilic peptides (RET1: f. 1/29-105/107) from the
C-terminal domain of p-casein. These peptides were further fractionated by Ion
Exchange Chromatography, yielding two fractions of amphiphilic peptides: IEC2 (f.
29-105/107),and IEC3(f. 1-105/107).
2.7.3 Othermaterials
All solutions were made using distilled water. The emulsions were prepared
with food grade soya oil (Reddy, the Netherlands) with a density (p) of 0.92 kg.m"3
and a refractive index (nd) of 1.4733. For recoalescence experiments, triolein
(Fluka, Germany; p=0.91 kg.m"3and nd= 1.4692)and tricaprilin (Sigma; p= 0.95
kg.m"3 and nd = 1.4466) were used. All other chemicals were of analytical grade
and purchasedfrom Merck.

16

Materials and methods

2.2

Methods

2.2.7 0/7purification
Oilwas made surfactant free using silica gel 60 (35-70 mesh).The silica gel
was pre-driedovernight at 100 °C.The oil and 10%(w/w) silicagel were stirredfor
two hoursafter whichthe oilwas recovered by centrifugation and decantation.This
procedurewas repeated if necessary.
2.2.2 Interfacialtension
The interfacial tension of the oil/water interface was measured using the
staticWilhelmy plate methodtocheck theabsence ofsurface-active components in
the oil. The Wilhelmy plate was pre-wetted with the aqueous phase and then
immersed inthe oil phase.Theforce registeredwascorrectedfor buoyancy.
The interfacial tension of purified soya oil was about 29 mN.m"1, which
agrees well with literature data (Gaonkar, 1989). For purified tricaprilin and triolein
an interfacial tension of22and21mN.m"1,respectively,wasfound.
2.2.3 Emulsionpreparation
Proteins and peptides were dissolved in 0.02 M HCI-imidazole or 0.03 M
citrate buffer. The required ionic strength (typically 0.075 M) was obtained by
adding sodium chloride tothe buffer solution.Apreservative (0.02 %sodium azide)
wasadded if necessary.
A coarse pre-emulsionwas prepared by mixing weighed amounts of oil and
protein solution (oil volume fraction: cp= 0.2) using a magnetic stirrer. The preemulsion was homogenized with a laboratory scale high-pressure homogenizer
(Delta Instruments, the Netherlands), operating at a pressure of 5 MPa, unless
stated otherwise. Homogenization was usually repeated until a constant droplet
size distribution was obtained (about 30 passes). During homogenization, the
emulsions were cooled in ice-water to keep the temperature close to ambient
temperature (typically 23-24 °C). Incorporation of air was avoided. Emulsions were
prepared at least in duplicate. The oil fraction of the emulsions was occasionally
determined usingthe Rose-Gottlieb method (IDF,1987).
For large-scale experiments, emulsions were prepared using a small
capacity, single-stage, industrial homogenizer (Rannie,Denmark; 100l.hr"1).
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2.2.4 Dropletsize distribution
2.2.4.1 Characterization
The droplet size distribution of emulsions can be characterized by an
average size (e.g. diameter or volume) and a distribution width. Suppose that for
emulsions with spherical droplets of diameter d, the number of droplets smaller
than d is given by F(d), then the number frequency distribution is given by f(d) =
8F(d)/dd, and the volume frequency by (1/6)710^(00. The nth moment of the
distribution isdefinedas

Sn = }dnf(d)ad

(2.1)

0

Anytypeofaveragediameter isthengivenby

(2.2)

C'nm =
V^my

andthe relativewidthorvariation coefficient ofthedistribution by (Walstra,1983)

(2.3)

cn=

An often used average, which is directly related to the interfacial area of
droplets,isthevolume-surface average orSauter diameter (Walstra, 1965a):

d

-Ss

°32 -

IW,d,3

(2.4)

0

with N, andd, the number anddiameter ofdroplets insize class i, respectively. The
relativewidthofthedistribution isthengiven by(Walstra, 1968)

S2S 4

-1

andthe specific interfacial areaofemulsions by(Walstra, 1983)
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/\ = 7 I S 2 = 6 c p

(2.6)

Another useful average of the size distribution is the diameter af43,which is related
tothevolume-surface averagediameterand relativewidthas:
d43=tf 3 2(c s 2 +l)

(2-7)

2.2.4.2 Spectroturbidimetry
The spectroturbidimetric method has been described extensively byWalstra
(1965a, 1968).Only ashortdescription ofthe methodwill begivenhere.
A spherical droplet in an aqueous phase, illuminated by a beam of light of
unit intensity, scatters an amount of light equal to VtncfQ, where Q is the light
scattering coefficient which isafunctionof

p= 2 n - d ' n ' - V

(2.8)

where nd and nc are the refractive index of the disperse and continuous phase,
respectively, andX thewavelength ofthe lightbeam (inair).
The optical density (E) of a layer of thickness L containing N droplets per
unitvolume isaccording tothe lawofLambert-Beer givenby
£ = 1 7id 2 A/QLIoge
4

(2.9)

The optical density is thus proportional to c?Q. Combining and rearranging
Equation 2.8 and2.9 yields

Z =

Q - = 0.2443E*
P32 L(n„-nJ<p

where Z is the reduced turbidity, Q* the average light scattering coefficient for a
polydisperse emulsion corrected for forward scattering, and cp the oil volume
fraction of the diluted sample, which is more readily determined than N. The
volume-surface average of p32 is:
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P

3

2

=

^

(2-11)

A,

The quantity ( Q 7 P 3 2 ) a s function of p32has been calculated theoretically for
assumed size frequency distributions. To determine a droplet size distribution, an
experimentally obtained, reduced turbidity spectrum is compared to these
calculated spectra. The best fitting spectrum yields the volume-surface average
dropletsize,therelativewidthandshapeofthesizedistribution.
The reduced turbidity of emulsions can be determined ifthe refractive index
of the continuous and disperse phase and the optical density as function of the
wavelength are known. The refractive index was measured using an Abbe
refractometer.Thewavelength andtemperature dependence ofthe refractive index
was estimated using the relations found by Walstra (1965a, 1965b). The optical
density of emulsions was measured with aZeiss spectrophotometer (type M4 GII)
with anattachment forturbidity measurements and anangle ofacceptance of 1.5°.
Before measurement, the emulsions were diluted with 0.3 % sodium dodecyl
sulfate (SDS) solution (final optical density between 0.2 and 0.8) to avoid
deviations dueto multiple and dependent scattering. SDSwas usedto stabilize the
droplets and to disperse any aggregates present. The absence of aggregates was
checked by light microscopy. If protein micelles were present, emulsions were
diluted with a solution of 0.375 % disodium ethylenediamine tetra-acetate (EDTA)
and 0.125 % polyoxyethylene sorbitan monolaurate (Tween 20) of pH 10 to
dissociate the micelles. The optical density was measured at wavelengths ranging
from 380to 1700nm.
2.2.4.3 Coultercounter
The Coulter counter method is based on the registration of voltage pulses
caused by particles suspended inanelectrolyte solution,passing through a narrow
orifice across which an electric field exists. The size of the voltage pulse is
proportional to the particle volume. Hence, the size and number of pulses yields
the droplet sizedistribution ofanemulsion.
The size distribution ofemulsions was determined using a Coulter Multisizer
(type II) equipped with an orifice tube with an aperture of 30 or 100 ^m. The
emulsionsweredilutedwiththeelectrolyte solution Isoton II(Coulter, England).
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2.2.4.4 Laserlightdiffraction
Thedetermination ofadroplet sizedistribution bystatic laser light diffraction
is based on the measurement of the forward diffraction pattern of a singlewavelength, laser light beam scattered by a diluted emulsion. This diffraction
pattern isusedforthecalculation ofthedroplet sizedistribution.
The measurements were performed using a Coulter laser (LS 130). This
system uses two methods. Laser light diffraction is used for determination of the
size of droplets larger than 0.4 u.m. For droplet sizes between 0.1 and 1.0 urn,
PIDS-analysis is used, based on measurements ofthe extent of polarization of the
scattered light.
2.2.4.5 Comparison ofmethods
Spectroturbidimetry is suitable for emulsions with avolume-surface average
droplet size between about 0.2 and 15 u.m and a monomodal size distribution
(Walstra, 1968). The minimum droplet size, which can be measured using a
Coulter counter equipped with an orifice with an aperture of 30 u.mis 0.6 urn.This
method isvery sensitive for detecting irregularities indroplet size distributions. The
Coulter laser appears to be mainly suited for emulsions with a volume-surface
average droplet size larger than 1 u/n. For emulsions with smaller droplets, the
latter method is less suitable due to its poor discrimination power at small droplet
sizes.The results ofthediffraction methodwill,therefore, not befurtherdiscussed.
Generally, a good agreement is found between spectroturbidimetry and
Coulter counter measurements, if the droplet size of the emulsions is sufficiently
large (Walstra and Oortwijn, 1969; Boekel, 1980). For emulsions with relatively
small droplets, the droplet size is overestimated when using a Coulter counter due
to the presence of droplets which are not detectable (Table 2.1). The Coulter
counter has, therefore, been used mainly as a check of the spectroturbidimetric
method.
Table 2.1

Comparison of the volume-surface average diameter (d32) as determined using
spectroturbidimetry or Coulter counter: some typical results.

d32 (urn)
spectroturbidimetry
Coulter counter

0.86
1.02
2.26
3.33
13.59

1.34
1.40
2.47
3.51
13.50
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2.2.5 Coalescence stability
2.2.5.1 Methods
The coalescence stability of emulsions was studied using a turbidimetric
method and a Coulter counter. The turbidity of an emulsion measured at a single
wavelength may be used to estimate its volume-surface average droplet size.
According to Equation 2.9 the turbidity, expressed as optical density, is given by
(Walstra, 1969)
E =constant I / V ^ O *

(2.12)

The effective light scattering coefficient of a droplet in size class i, Q*, is
approximately constant if p32is larger than 4. For a constant Q* and an oil fraction
proportional toI N-, cd3,Equation 2.12 converts to(Walstra, 1969)
E

. . Z W i ^ i 2 constant
=constant -- '-•„-- =

<P

I^d3

(2.13)

d32

Theturbidity ofdiluted emulsions was measured atawavelength of380and
1700 nm with the Zeiss spectrophotometer previously described. To meet the
requirement of P32larger than 4, the volume-surface average droplet size should
be larger than about 1.7 ^im and 7.1 (im for a wavelength of 380 and 1700 nm,
respectively.
The Coulter counter was usedfor the determination of the droplet size bya
direct measurement of the size distribution or by calculation using the number of
droplets per unit volume of an emulsion. The Coulter counter and turbidity
measurements were used to estimate the droplet size,and hence the coalescence
stability of emulsions as function of time. The emulsions were stored at room
temperature (i) under quiescent conditions and (ii) slowly rotating end-over-end
with careful exclusion of air to establish the effect of creaming on the coalescence
stability. Samples were taken at various times and diluted with 0.3 %SDS-solution
to stabilize the droplets and to disperse any aggregates present. Samples of the
emulsions stored under quiescent conditions were taken from undisturbed,singleuse containers, which were gently mixed to disperse creamed droplets. Creaming
appeared to have little effect on the coalescence stability of the emulsions at the
experimental time-scales considered. Therefore, only the results of experiments
performed under quiescent conditionswill bediscussed.

22

Materials and methods

2.2.5.2 Comparison ofmethods
Some typical results for emulsions stored under quiescent conditions
obtainedwiththe methodsdescribed areshown inTable2.2.
Table 2.2

Volume-surface average droplet size (d32) of emulsions directly after formation and
after a storage time (t)of 10days under quiescent conditions. The droplet size was
estimated using turbidimetric measurements (superscript ST) at awavelength (k) of
380 and 1700 nm, and Coulter counter measurements (superscript CC) of the
droplet size and number ofdroplets per unitvolume (W).

d32 (nm) at f=

0

C32 (nm)at f=
Turbidimetry
^ =380nm

X=1700nm

10 days
Coulter counter
d32
N

1.1 ST /1.4 CC

2.4

2.4

1.4

1.9

8.7

10.3

10.6

9.0

10.2

The droplet sizes estimated using turbidity measurements at a wavelength
of 380 and 1700 nm were in good agreement. For the emulsion with the relatively
small droplet size, the effective light scattering coefficient was not constant. Any
variation in this coefficient appeared, however, to have little effect given the
similarity ofthe resultsobtained at bothwavelengths.
The droplet size distribution of emulsions stored under quiescent conditions
as determined using a Coulter counter appeared to be hardly affected by droplet
coalescence. The unstable droplets were most likely too large to be detected with
the Coulter counter. These large droplets were in some cases visible as large oil
droplets on top of the emulsion surface. The number of droplets per unit volume
yielded results comparable to those of the turbidity measurements, if the emulsion
droplet size was sufficiently large. For emulsions with small droplets, this method
was less reliable due to presence of a large number of droplets with a size below
the detection limit of the Coulter counter. Hence, the turbidity method appeared to
yield the most reliable results. The coalescence stability of emulsions will,
therefore, be discussed using the results of turbidity measurements at a
wavelength of380 nm.Theother methodswere usedasanextra check.
2.2.6Recoalescence rate
The rate of recoalescence during homogenization was studied by
determining the change in the composition of emulsion droplets as function of the
number of passes through a homogenizerasdescribed byTaisne et al. (1996) and
Smulders et al. (1999). The change in droplet composition was determined using
turbidity measurements. According to the light scattering theory of Rayleigh-Gans,
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theturbidity of anemulsion is related tothe difference between the refractive index
ofthedisperse andcontinuous phaseaccordingto (Walstra, 1965b)

(2.14)

Ifanemulsion isdilutedwithsolutions ofvarying refractive indices,theturbidity ofa
sample will bezero ifthe refractive index ofthe droplets equals the refractive index
oftheaqueous phase.Anexample isshown in Figure 2.1.

Figure 2.1

The turbidity indicated by parameter Fof emulsions diluted in solutions with varying
refractive indices (nc). Emulsions with an oil phase of tricaprilin (O), or triolein ( • ) ,
and an equivolume mixture of both emulsions without further homogenization ( • ) .
Solid lines are calculated using Equation 2.14.

The recoalescence during homogenization is determined by measuring the
turbidity of an emulsion prepared by mixing equal volumes oftwo emulsions made
with different types of oil as function of the number of passes through a
homogenizer. The factor F of the emulsion mixture is initially equal to the average
of the factor F of the original emulsions. If recoalescence occurs, the oil in the
emulsion droplets is mixed and as a result F decreases. The recoalescence rate
can,therefore, bedetermined bystudying thechange inturbidity.
Emulsions made with tricaprilin and either triolein or soya oil (<p = 0.2), were
prepared and homogenized separately, mixed inequal volumes, and subsequently
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re-homogenized. During homogenization samples were taken and diluted in
sucrose orfructose solutions with a refractive index equal to the refractive index of
an equivolume mixture of the oil phases. The turbidity of these mixtures was
measured with the previously described Zeiss spectrophotometer at a wavelength
of 590 nmand used to determine the ratio FPIF0, where F0,Fpare the parameter F
after zero and p passes through the homogenizer, respectively. The decrease of
ratio Fp/F0 is a measure for the rate of recoalescence during emulsification. The
ratio equals unity ifthe emulsions are stored under quiescent conditions, indicating
the absence of Ostwald ripening, or if during emulsification recoalescence is
absent. The ratio equals zero if the oil inthe droplets is completely mixed,since in
that casethe refractive indexofthedisperse andcontinuous phaseareequal.
2.2.7 Surface excess
2.2.7.1 Methods
The surface excess of emulsion droplets was measured using an indirect
depletion method, and methods determining the amount of adsorbed protein
directly. The measurement of the surface excess using the depletion method is
based onthedetermination ofthe amount of unadsorbed proteinandthe interracial
area oftheemulsion (Oortwijn andWalstra, 1979).Theconcentration ofthe protein
solution before homogenization and the concentration of unadsorbed protein,
combined with the specific interfacial area, yield the surface excess of emulsion
droplets.
For determination of the concentration of unadsorbed protein, the emulsion
droplets were separated from the aqueous phase by centrifugation at 13000 g for
20 minutes (Eppendorf Z231 M). The emulsions were generally stable against
coalescence during this centrifugation procedure. For less stable emulsions, the
major part of droplets was removed using a mild centrifugation step,followed bya
more intensive centrifugation step to remove the smaller droplets. The protein
concentration of the remaining aqueous phase and of the protein solution before
homogenization were determined with BCA protein reagent (Pierce Ltd.), using a
LKB-Biochrom 4060 spectrophotometer (Pharmacia). The reagent was calibrated
for each specific protein or peptide. The calibration results were not affected by
conformational changes of the proteins. The surface excess of each emulsion was
determined at least in triplicate and was plotted as a function of bulk protein
concentration over specific interfacial area, to facilitate comparison of emulsions
withdifferent interfacial areas (Walstra andde Roos,1993).
To directly determine the amount of adsorbed proteins, the emulsions were
washed repeatedly to remove unadsorbed proteins from the aqueous phase. To
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wash emulsions, the emulsions were centrifuged to separate the droplets from the
aqueous phase.The resulting cream layer was removed and redispersed in buffer
solution, keeping the oil fraction equal to the oil fraction of the original emulsion.
This procedure was repeated until approximately all unadsorbed protein was
removed from the aqueous phase, which was usually after three washing
procedures. The centrifugation speed was adjusted where necessary to facilitate
easy removal and redispersion of the cream. The oil fraction and the droplet size
distribution of the washed emulsions were determined using the Rose-Gottlieb
method (IDF,1987)andspectroturbidimetry, respectively.
The surface excess of the washed emulsion was determined using two
methods. The emulsion was diluted with an equal volume of 15 % SDS-solution
and heated to desorb the proteins from the droplet interface and to break the
emulsion, as described by Hunt and Dalgleish (1994).The protein concentration of
the resulting aqueous phase was measured and combined with the interfacial area
of the emulsion used to calculate the surface excess. Determination of the surface
excess using the second method involves direct measurement of the protein
concentration by adding BCA-reagent to the emulsions. The emulsion droplets
were removed byfiltration (0.2 u.m poresize) before photometric analysis.
2.2.7.2 Comparison ofmethods
The results obtained using the described methods were in good agreement
as long as the surface excess was relatively high. For emulsions with a surface
excess well belowthe maximum level,coalescence occurred during washing ofthe
emulsions, making the direct methods less accurate. The depletion method was,
therefore,selected asthe mostsuitablemethod.
The main difficulty usingthe depletion method isthe removal ofall emulsion
droplets from the aqueous phase by centrifugation. The surface excess of the
remaining droplets has to be taken into account to avoid underestimation of the
surface excess (Oortwijn and Walstra, 1979). The amount of oil in the aqueous
phase after centrifugation was typically less than 0.2 % as determined with RoseGottlieb (IDF, 1987).Thisfraction appeared to have a negligible contribution tothe
surface excess as evidenced by the close agreement of the surface excess
obtained usingdirect and indirect methods.
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Chapter3
Formation ofemulsions inasmall laboratory and a large
industrial scale high-pressure homogenizer

Abstract
The formation of oil-in-water emulsions with a laboratory or an industrial
scale high-pressure homogenizer was compared, using proteins as emulsifier. In
the industrial homogenizer, the emulsion droplets were broken up in a turbulent
flow by inertial forces. In the laboratory homogenizer, the flow was found to be a
bounded laminar flow-type and droplet break-up also appeared to occur via inertial
forces. Compared to the industrial homogenizer, the operating efficiency of the
laboratory homogenizer was small and many passes through this homogenizer
were required to obtain a steady droplet size distribution. The homogenizer scale
appeared to have little effect on the droplet size and recoalescence rate of
emulsions madewithproteins.
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3.1

Introduction

In industry, emulsions are prepared using large-scale high-pressure
homogenizers.Thedevelopment ofnewemulsified products usually takes placeon
a much smaller scale. Fundamental studies are also performed on a smaller
laboratory scale due tothe use ofoften expensive and scarce materials. Examples
of laboratory scale machines are: small-scale high-pressure homogenizers (e.g.
Tornbergand Lundh, 1978; Burgaud et al., 1990), microfluidizers (e.g.Robin et al.,
1993; Strawbridge et al., 1995), sonifiers and turbo-mixers (Walstra, 1974;
Tornberg and Lundh,1978).
From the literature it is known that in some cases the emulsion properties
are affected by the type of emulsifying machine used. For example, milk
homogenized with a microfluidizer has a bimodal droplet size distribution with a
population of very small and of relatively large droplets, while milk homogenized
with a high-pressure homogenizer has a monomodal size distribution (Strawbridge
et al., 1995; Dalgleish et al., 1996). Bimodal droplet size distributions are also
reported for emulsions prepared by sonification (Walstra, 1983). Emulsion
formation is moreover affected by the dimensions of the emulsifying machine
(Tornberg and Lundh, 1978;Walstra and Smulders, 1998).Walstra (1974) showed
for example that the effect of the viscosity of the disperse and continuous phase
depends onthetypeofhigh-pressure homogenizer.
Relations between the emulsifying conditions and the emulsion properties
found on a laboratory scale might, therefore, not be valid for larger industrial scale
processes. For the work reported here the influence of the dimensions of the used
machine onthe emulsion formation was studiedfor a small and a large scale highpressure homogenizer. The aspects considered were: the mechanism of emulsion
formation, and scale-up from laboratory to industrial scale processes. Some
theoretical aspects of the emulsion formation will be discussed briefly. Emulsion
formation was reviewed in greater detail byWalstra (1983, 1993) and Walstra and
Smulders (1998).
3.2

Theory

A high-pressure homogenizer consists of a high-pressure pump and avalve
with a narrow slit (Figure 3.1). A coarse pre-emulsion isforced through the narrow
valve, resulting in a sharp increase in the flow velocity. The height of the valve lift
andtheflowvelocity aredetermined bythe homogenization pressure.
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pressure

NTV
Figure 3.1

Model ofa homogenizer valve. Seetextfor explanation of symbols.

During the passage of emulsion droplets through the homogenizer valve,
several processes occur simultaneously: deformation and possibly break-up of
droplets, adsorption of surfactant at the newly formed interface, collision and
possibly recoalescence of droplets (Walstra, 1993). Most of the droplet break-up
occurs in the region just inside the valve, where the flow velocity is highest (Loo
and Carleton, 1953; Phipps, 1974). About halfway across the homogenizer valve,
the flow conditions are less severe and droplets are not broken up any further.
Recoalescence ofdroplets isstillpossible asshown bythe preliminary experiments
of Loo and Carleton (1953) and Phipps (1974).The final droplet size of emulsions
is determined by the balance between break-up and recoalescence of droplets,
leadingtoa(quasi) steadystate.
To break-up a droplet, the droplet must be deformed. The deformation of
dropletsisopposed bythe Laplacepressure,which isgivenby

pL=4

(3.1)

whereyisthe interfacialtension andofthedroplet diameter. For break-upto occur,
the stress acting on the droplets should counter act the Laplace pressure. This
stress may be a shear or an inertial stress. Deformation and break-up of droplets
by shear forces occurs ineither a laminar flow regime or in aturbulent flow regime
if the drop Reynolds number is smaller than unity (Walstra, 1983). The latter case
isless relevantforthisstudyandwillnotbefurtherdiscussed.
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The Reynolds number oftheflow isdefinedas:
Re=L p "

(3.2)

where L is the characteristic length, p the density, v the velocity, and r| the
viscosity. For homogenizer valves the characteristic lengh is given by 2*h (Kiefer,
1977),where h isthe height or slit width ofthe homogenizer valve.Theflow inthe
valve is laminar for Reynolds numbers smaller than about 1500 and turbulent for
Reynolds numbers larger thanabout 3000 (Kiefer, 1977).
The velocity of emulsions inthe homogenizer valve can be estimated using
Bernoulli's law (Walstra, 1983), neglecting any energy losses due to friction.
According to Bernoulli's law:

1

1

wherep isthe pressure and vthe velocity inthe valve inlet (i) or inthe valve (v) of
the homogenizer. Assuming that the pressure in the homogenizer valve is
approximately zero, and that the velocity in the valve inlet can be neglected
compared tothevelocity insidethevalve, Equation 3.3 reducesto

P\=\pv2,

(3.4)

The lift ofthe homogenizer valvecanbeobtained using Equation 3.4 and
Q= nd:hv„

' [ • I ' M

(3.5)

where Q is the flow rate and d, the diameter of the valve inlet. Knowing these
properties,theflow regime inthevalvecan bedetermined.
In a laminar flow regime droplets are broken up if the Weber number
exceeds a critical value (Wecr). The Weber number is defined as the ratio of the
external stressoverthe Laplace pressure and isfor alaminarflowgivenby
We = 1 1 ^ C '
2y
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wherer|cis the viscosity of the continuous phase and Gthe velocity gradient. The
criticalWeber number varieswiththetype offlow (e.g.simple shear or elongational
flow) and with the viscosity ratio between the disperse and continuous phase
(Grace, 1981;Bentley and Leal, 1986). The droplet size of emulsions formed by
shearforces can beroughly estimated using (Walstra, 1993)
2vWe
d*^--??-

(3.7)

TlcG

In a turbulent flow, the flow is chaotic and eddies of various sizes are
formed. The break-up of droplets depends on the scale and life-time of these
eddies. For predicting the droplet size of emulsions formed in a turbulent flow, the
Kolmogorov theory for isotropic turbulence can be applied, yielding for drop
Reynolds numbers largerthanunity(Walstra,1993)
3/5

"•.'V'

(a8)

where sistheenergy density.
The theories discussed sofar are applicable to unbounded flow types as is
the case in most large scale homogenizers. For very small, laboratory scale
homogenizers, the dimensions of the valve are often of the same order of
magnitude asthe size ofthe emulsion droplets. Inthese homogenizers, theflow in
the valve is a bounded laminar Poiseuille (or parabolic) type of flow and the
relations described by Kiefer (1977) apply. The droplet size of emulsions formed in
thesetypes ofhomogenizers isapproximately given by(Walstra, 1983)
A

of*

\

1 / 5

64&V

(3.9)

where v is the average velocity in the valve and pcthe density of the continuous
phase. Equation 3.9 isvalidif

PeV

">64

(3.10)

Y
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3.3

Materials and methods

Two types of high-pressure homogenizers have been used: a laboratory
scale homogenizer (Delta Instruments, The Netherlands), and a small capacity,
single-stage, industrial homogenizer (Rannie, Denmark). The properties of these
homogenizers are given in Table 3.1.The actual valve diameter of the laboratory
homogenizer is given by the circumference of the ball in contact with the valve
(approximately 5mm).Theflow rate inthis homogenizer decreases with increasing
homogenizationpressure.
Table 3.2

Properties ofthe laboratory and industrial high-pressure homogenizer
Properties
valve type
inletdiameter(d,)
valve diameter (ofv)
flow rate (Q)

Laboratory
homogenizer

Industrial
homogenizer

ball
5 mm

corrugated cone
3 mm
13 mm

« 5 mm
5-8l.hr"1

100l.hr"1

With these homogenizers soya oil-in-water emulsions with an oil fraction of
0.2, a pH of 6.7, and an ionic strength of 0.075 Mwere prepared. The emulsifier
wassodiumcaseinate(DMV-lnternational,theNetherlands) orwhey protein (Bipro,
Le Sueur Isolates, USA) at various concentrations. The methods for preparing and
characterizing theemulsionsweredescribed inChapter2.
3.4

Resultsand discussion

3.4.1 Propertiesofhomogenizervalves
In Figure 3.2, the valve lifts calculated for the laboratory and the industrial
high-pressure homogenizer are shown.The lifts were calculated neglecting energy
losses due to friction.The friction,which depends on the type of flow in the valve,
the Reynolds number, and the valve lift (Phipps, 1975; Kiefer, 1977), would result
in a decrease in the linear flow rate and therefore an increase in the valve lift
(Equation 3.5). The valve lifts shown in Figure 3.2 are thus underestimated, but
comparison with data of Phipps (1971), who took into account friction losses,
shows that the order of magnitude is correct. Phipps found for example for an
industrial scale homogenizer comparable totheone used inthis study,operatingat
a pressure of 30 MPa a valve lift of approximately 15 urn, which is slightly larger
thanthevalve lift of 12u.m calculatedhere.
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30
p (MPa)

Figure 3.2

Calculated valve lift (/?) of the laboratory scale (—) and the industrial scale (—)
high-pressure homogenizer as afunction ofthe homogenization pressure (p).

The valve lifts calculated for the laboratory homogenizer were rather small,
though in good agreement with the values calculated by Tornberg and Lundh
(1978).These small valve lifts are probably typical for most laboratory scale highpressure homogenizers.
Usingthe calculated valve lifts,the Reynolds number oftheflow inthevalve
ofthe industrial homogenizer wasestimated tobeapproximately 5900, indicatinga
turbulent flow regime. The Reynolds number of the flow in the laboratory
homogenizer ranged from approximately 280 for low pressures to 180 for high
pressures. Hence, the flow regime inthis homogenizer is laminar and for the most
partelongational.
3.4.2 Mechanismofdropletbreak-up
The mechanism of the formation of emulsions in the homogenizers was
studied using a surplus of sodium caseinate (c = 30 mg.ml"1) as emulsifier. As
shown in Figure 3.3, the relation between log c/43 and logp of emulsions prepared
in the industrial homogenizer was approximately linear with a slope of -0.61. This
slope agrees well with the slope of -0.60 predicted by the Kolmogorov theory for
droplet break-up by inertialforces inaturbulentflow (Walstra, 1993).
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Figure 3.3

Average droplet size (d43) of emulsions made with sodium caseinate (c = 30
mg.ml"1) as a function of the homogenization pressure (p) prepared in the
laboratory (D) or the industrial high-pressure homogenizer ( • ) . The best fit of the
model of Kiefer (—) on thedata ofthe laboratory homogenizer is indicated.

The relation between log d43 and log p of emulsions prepared in the
laboratory homogenizer was not fully linear. For break-up of droplets in a laminar
flow regime, a linear relationwith aslope of-1 isexpected (Walstra and Smulders,
1998). In this homogenizer the valve lift is, as shown before, of the same order of
magnitude as the size of the emulsion droplets. Hence, break-up of droplets was
likely to occur in a bounded type of laminar flow and the mechanism proposed by
Kiefer (1977)possibly applies.
Asshown in Figure 3.3,the modelof Kiefer (Equation 3.9) appearedto bein
good agreement with the measured droplet size of emulsions made with the
laboratory homogenizer asafunctionofthe homogenization pressure.Theclosefit
indicates that break-up of droplets inthis homogenizer was indeed likely to bedue
to inertial forces in a bounded Poisieulle type of flow. The best fit was obtained by
taking an interfacial tension of 42 mN.m"1, which is larger than the interracial
tension of a surfactant-free soya oil/water interface (7= 29 mN.m"1). This shows,
that the model may be used for scaling of the droplet size as function of the
homogenization pressure,the prediction ofthe absolute value ofthe droplet sizeis,
however, uncertain.
Despite the differences in the mechanism of emulsion formation in the
laboratory and industrial homogenizer, the emulsion droplet size appeared to be
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only slightly affected by the homogenizer scale, especially at higher pressures. At
relatively low pressures,thedifferences werefoundto besomewhat larger.
3.4.3 Operatingefficiencyofhigh-pressurehomogenizers
In industry, emulsions are usually prepared with one or two passes through
a high-pressure homogenizer. A high operating efficiency is therefore required. A
measurefortheoperating efficiency isbesidesthedroplet size,the relativewidthof
the droplet size distribution as function of the number of passes through the
homogenizer asshowninFigure3.4.

Figure 3.4

Relative width (cs) of the droplet size distribution of emulsions made with sodium
caseinate (c = 30 mg.ml"1) as a function of the number of passes through the
laboratory ( • ) or industrial ( • ) high-pressure homogenizer at a pressure of 10
MPa.

The relative width of the droplet size distribution of emulsions prepared in
the industrial homogenizer decreased faster than those of emulsions made in the
laboratory homogenizer, indicating a higher operating efficiency of the large
homogenizer. The relativewidth after a large number of passes was unaffected by
the homogenizer scale. Similar results were found for the emulsion droplet size.
For example,the droplet size of emulsions homogenized once at a pressure of 10
MPawas considerably smaller for emulsions prepared on an industrial scale (cfa=
1.0 u,m)than for emulsions prepared on a laboratory scale (d43 = 2.9 u.m). The
difference indroplet sizewas muchsmaller after a large number of passes (Figure
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3.3.)- The operating efficiency of the homogenizers appeared to be unaffected by
thetypeofprotein orprotein hydrolyzate used (results notshown).
The operating efficiency of homogenizers is determined by the flow regime
inthe valve and by the valve dimensions. In aturbulent flow droplet break-up may
occur many times,while inabounded laminar flow droplets are likely to bebrokenup only once (Walstra and Smulders, 1998). The dimensions of the valve are also
of importance, sincethese determine the size ofthe regions inthe valve wherethe
flow conditions are sufficiently severe for droplet break-up to occur. Both factors
explainthe relatively lowoperating efficiency ofthesmall laboratory homogenizer.
3.4.4 Propertiesofemulsions madewithproteins
The volume-surface average droplet size of emulsions made with sodium
caseinate or whey protein prepared in the laboratory and the industrial
homogenizer at a pressure of 5 MPaare shown in Figure 3.5. The emulsions were
homogenized untilasteady droplet sizedistribution wasobtained.

20

25

c (mg.ml"1)

Figure 3.5

Volume-surface averaged droplet size (d32) of emulsions made with varying
concentrations (c) sodium caseinate (•) or whey protein ( • ) prepared in a
laboratory (open symbols) or industrial homogenizer (filled symbols), at a pressure
of 5MPa.

The droplet size of emulsions made with sodium caseinate was slightly
larger than those of emulsions made with whey protein.The emulsion droplet size
appeared to be hardly affected by the homogenizer scale. The difference in the
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droplet size ofemulsions madewithsodium caseinate orwhey protein appearedto
be somewhat larger for emulsions made in the laboratory homogenizer than for
those made in the industrial homogenizer. The differences were, however, very
small, but might have been larger ifthe emulsions would have been prepared with
onlyoneortwo passesthroughthe homogenizer.
3.4.5 Recoalescence rateduringhomogenization
The rate of recoalescence during homogenization depends on the
concentration andthe interfacial properties ofthe surfactant. Apotentialthird factor
affecting the recoalescence rate is the type of homogenizer used. The
recoalescence rate of emulsions madewithwhey protein during homogenization in
the laboratory and the industrial homogenizer asfunction of the number of passes
is shown in Figure 3.6. Similar results were obtained for emulsions made with
sodiumcaseinate.

FJF
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> • • D • • * • • •

4

0.8 0.60.4
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Figure 3.6

20
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40
passes

Ratio FplF0as a measure of recoalescence during homogenization of emulsions
made whey protein (c =4 mg.ml"1) asfunction of the number of passes through the
laboratory (D) or the industrial ( • ) high-pressure homogenizer at a pressure of 5
MPa.

The recoalescence rate during homogenization of emulsions in the
laboratory or industrial homogenizer wasfound to bevery low under the conditions
studied and appeared to be unaffected by the homogenizer scale. Since the
conditions in a turbulent flow are more intense than in a laminar flow, the
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recoalescence ratewasexpected tobe higher inthe industrial homogenizerthan in
the laboratory homogenizer. The recoalescence rate was, however, apparently not
affected bytheflow regime inthe homogenizer valve.
3.5

Conclusions

The mechanism of emulsion formation and the operating efficiency of highpressure homogenizers was shown to depend on the homogenizer scale.
Nonetheless, the properties of the emulsions prepared in a laboratory or industrial
scale homogenizer appeared to be rather similar, provided that the number of
passes through the laboratory homogenizer was sufficiently large. Scale-up of
laboratory experiments to industrial scale processes using high-pressure
homogenizers, therefore, appeared to be allowed in the case studied here. Care
should however betaken if emulsions are prepared with afew passes through the
homogenizer or if using other types of emulsifying machines, like microfluidizers or
sonifiers. The results may also be affected by the type of emulsifier, for example
the useofsmall-molecule surfactants instead ofproteins.
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Emulsion forming properties of proteins

Abstract
The emulsion forming properties of several milk and egg-white proteins with
well-defined and widely varying molecular properties were studied to obtain a
better understanding of the structure-function relation of proteins. The emulsion
formation was studied by determining the droplet size distribution, surface excess
and rateof recoalescence duringemulsificationasfunction of protein concentration
and physicochemical conditions, like pH and ionic strength. The effect of heat
denaturation on proteinfunctionality wasalsostudied.
Proteins generally possessed good emulsion forming properties as long as
protein aggregation was absent. In those cases, only small differences in the
droplet sizes could be determined and the recoalescence rates during
emulsification were found to be similar. The surface excess of the droplets
appeared to be governed by the conformational stability of the proteins. Globular
proteins with a high conformational stability, like p-lactoglobulin,yielded a relatively
low surface excess, while a flexible protein, like (3-casein, yielded a relatively high
surfaceexcess.
The droplet size and recoalescence rate of aggregated emulsions were
relatively large and appeared to be mainly governed by the aggregated state or
effective molar mass of the proteins. The surface excess of the emulsions also
seemed to increase with an increasing effective molar mass. Protein aggregation
could be due to covalent and non-covalent intermolecular bonds, which may be
induced by physicochemical conditions, heatandsurfacedenaturation.
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4.1

Introduction

Proteins generally have good emulsifying properties and are therefore often
used infood emulsions. The emulsion forming properties arethought to dependon
protein properties such as molar mass, hydrophobicity, conformation,
conformational stability, and charge and on physicochemical conditions such as
pH, and ionic strength (Kinsella, 1984). Despite numerous studies, the relation
between the molecular properties of proteins and the processes occurring during
emulsion formation remains still largely obscure. For an effective use of proteins in
foodemulsions,abasic understanding ofthis relation isrequired.
The processes occurring during emulsification are the deformation and
break-up of droplets, the adsorption of proteins on the newly created oil/water
interface and the collision and possibly recoalescence of droplets (Walstra, 1993).
The final droplet size of emulsions is the result of a quasi steady state between
droplet break-up and recoalescence.
To obtain a better understanding of the emulsion forming properties of
proteins, several proteins with well characterized and widely varying molecular
propertieswereselected.Someofthese properties areshown inTable 4.1. Amore
detailed overview is given below. The relation between the molecular and
emulsifying properties has been studied by comparing the droplet size, surface
excess and recoalescence rate of emulsions made with these proteins under
varying physicochemical conditions. The results of these experiments are
discussed in this chapter. A detailed discussion of the fundamental principles
governingthe emulsionforming properties ofproteinsisgiven inChapter7.
Table 4.1
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Molecular properties of the selected proteins (Swaisgood, 1982; Awade, 1996;
Walstra et al., 1999).

Protein

Molar mass (Da)

Isoelectric pH

p-casein

24000

~5

p-lactoglobulin

18300

5.1

a-lactalbumin

14200

4.8

lysozyme

14500

10.7

ovalbumin

45000

4.5
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4.2

Molecular properties ofselected proteins

4.2.1 p-Casein
Bovine p-casein has little secondary structure (Creamer et al., 1981;
Graham et al., 1984) and no intramolecular cross-links (Swaisgood, 1982), hence
approximately random coil properties. The N-terminal domain (f. 1-43) of p-casein
is highly hydrophilic and contains five phosphoseryl residues, while the C-terminal
domain (f. 136-209)consists mainly ofhydrophobic residues (Swaisgood, 1982).At
the pHof normal bovine milk (pH6.7), allthe netcharge ofthe protein iscarriedby
the N-terminal domain,whilethe netcharge ofthe C-terminal domain isnearly zero
(Creamer, 1972). p-Casein is, due to the uneven distribution of charged and
hydrophobic residues, highly amphiphilic(Swaisgood, 1982).
Like detergents, p-casein has a tendency to form micelles if the protein
concentration is above the critical micelle concentration (Arima et al, 1979). The
micellization occurs mainly via hydrophobic interactions between the C-terminal
domains (Berry and Creamer, 1975) and isaffected by physicochemical conditions
like temperature, pH and ionic strength (Payens and Markwijk, 1963; Niki and
Arima, 1969;Payensetal., 1969).
4.2.2 p-Lactoglobulin
p-Lactoglobulin is a globular whey protein with two disulfide-bonds and one
thiol-group, which is buried in the interior of the molecule (Papiz et al., 1986).
Under most conditions, p-lactoglobulin is insolution present in an associated state.
This association is a rapid and reversible process and depends on
physicochemical conditions (Townend et al., 1960b; McKenzie and Sawyer, 1967).
At ambient temperature, p-lactoglobulin forms dimers between a pH of about 3.5
and 6.5, except at very low protein concentrations (Townend et al., 1960b;
McKenzie and Sawyer, 1967). Cubic octamers are formed between pH 4.4 and
4.65 at low temperatures (Townend et al., 1960b; Townend and Timasheff, 1960;
McKenzie and Sawyer, 1967). Below pH 3.5 and above pH 6.5, the dimers
dissociate into monomers (Townend and Timasheff, 1960;Townend et al.,1960a).
The equilibrium between monomers and dimers is governed by protein
concentration, temperature and ionic strength (Aymard et al., 1996; Kella and
Kinsella,1988a).
p-Lactoglobulin is susceptible to denaturation at high pH and temperature.
Above pH 7.5, conformational transitions occur, resulting in exposure of the free
thiol-group and formation of intermolecular disulfide-bonds (Tanford et al., 1959;
McKenzie and Sawyer, 1967; Kella and Kinsella, 1988a).A similar reaction occurs
during heating. At high temperatures, p-lactoglobulin unfolds and protein
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aggregates are formed via disulfide-bonds and non-covalent, presumably
hydrophobic, interactions, making denaturation an irreversible process (Sawyer,
1968; lametti et al., 1995). The formation of aggregates is dependent on protein
concentration, pH, ionic strength, heating time and temperature (Sawyer et al.,
1971; Roefsand Kruif, 1994;Boyeetal., 1996).
4.2.3 a-Lactalbumin
a-Lactalbumin is a relatively small whey protein molecule, which contains
four disulfide bridges (Brew et al.,1967).This protein has a high affinity for binding
calcium ions (Hiraoka et al., 1980). The bound calcium ion stabilizes the native
protein structure (Hiraoka et al., 1980) and increases the stability against thermal
denaturation (Dolgikh et al., 1981;Kuwajima et al., 1986). Removal of the bound
calcium bychelating agents induces conformational changes,yielding the so-called
apo-a-lactalbumin. Apo-a-lactalbumin has a conformation which is intermediate
between the native and denatured state, the so-called molten globule state
(Dolgikh et al., 1981). The secondary structure of apo- and native a-lactalbumin is
similar, while the apo-protein has a less compact conformation and a more flexible
tertiary structure (Dolgikh et al., 1981;Segawa and Sugai, 1983). Below pH 2.5,
bound calcium is released and a conformation similar to that of the apo-protein is
adopted (Dolgikh etal., 1981; Permyakovetal., 1981).
4.2.4 Lysozyme
Hen egg-white lysozyme is an enzyme with antibacterial activity (McKenzie
andWhite, 1991).The primary structure of lysozyme and a-lactalbumin are similar
with a sequence homology of about 40 % (Brew et al., 1967). The threedimensional structures of lysozyme and a-lactalbumin are also largely alike, mainly
due to the similar locations of the four disulfide bridges (Brew et al., 1967). Some
differences are, however, reported (Wilson et al., 1995; Urbanova et al., 1991).
Lysozyme appears to have a more rigid conformation and a higher stability against
heat denaturation due to stronger hydrophobic interactions (Barel et al., 1972;
Acharya et al., 1989). Unlike a-lactalbumin, lysozyme has in solution at neutral pH
aslight tendency toassociate andformdimers(Deonier andWilliams, 1970).
4.2.5 Ovalbumin
Henegg-white ovalbumin is a large protein molecule, containing four buried
thiol-groups (Nisbet et al., 1981). The conformation of ovalbumin is relatively
unstable at neutral pH(Osuga and Feeney, 1977). Upon unfolding,the thiol-groups
are exposed and polymers linked by disulfide bridges are formed (Kitabatake and
Doi, 1987). At pH 2, ovalbumin is in a molten-globule state as indicated by the
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increased conformational flexibilitywith retention ofthe nativeconformation (Koseki
etal., 1988).
4.3

Droplet sizeofemulsions madewith proteins

4.3.1 Emulsionsmadewith/3-casein
Emulsions with an oilfraction of 0.2 and varying protein concentrations (pH
6.7 and /=0.075 M)were prepared using a laboratory high-pressure homogenizer
operating at a pressure of 5 MPa. The volume-surface average droplet size of
emulsions madewith (3-casein isshown inFigure 4.1.

d32

(nm)

15

c (mg.mr1)

Figure 4.1

Volume-surface average droplet size (d32) of emulsions prepared with varying
concentrations (c) of (3-casein (pH 6.7 and /=0.075 M).

At low concentrations, the droplet size of emulsions made with (3-casein
decreased rapidly with increasing concentration.Above a concentration of about 4
mg.mr1,asurplus of proteinwas present andaconstant droplet sizewasobtained.
The constant droplet size and the minimum concentration required to obtain this
droplet size were governed by the type of homogenizer (Chapter 3) and by the
homogenization conditions (Figure4.2).
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p (MPa)

Figure4.2

Volume-surface average droplet size (d32) of emulsions made with p-casein as a
function of homogenization pressure (p). Concentration: 4 mg.ml"1 ( • ) , and 8

mg.mr1(•).
In Figure 4.2, two regions can be distinguished. At low homogenization
pressures,theemulsiondropletsizewasmainlydetermined bythe homogenization
conditions if a surplus of protein was present. If the protein concentration became
limiting, the droplet size was determined by the concentration and independent of
the pressure.At higher pressures,smaller droplets may beobtained,increasingthe
dependence onproteinconcentration.
In this study, the homogenization pressure used for preparing emulsions
was relatively low to facilitate an accurate determination of the droplet size and
surface excess. When comparing the emulsion forming properties of proteins, the
absolute differences intheirfunctionality will probably be larger ifthe emulsification
conditions are more severe. The differences will, however, most likely remain
relatively thesame,facilitating acomparison ofprotein functionality.
4.3.2 Emulsionsmadewithglobularproteins
The droplet size of emulsions prepared with p-casein, p-lactoglobulin, or
a-lactalbumin are shown in Figure 4.3a. The emulsion forming properties of these
proteins improved in the order of p-casein, a-lactalbumin and p-lactoglobulin. The
differences are, however, small and the proteins generally appeared to have good
emulsionforming properties undertheconditionsstudied.
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Figure 4.3
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Volume-surface average droplet size (d32)of emulsions asfunction of concentration
(c) of: a, p-casein ( • ) , p-lactoglobulin (O), and a-lactalbumin ( • ) ; b, p-casein ( • ) ,
a-lactalbumin ( • ) , and lysozyme (O); allat pH6.7 and /=0.075 M.

Comparison of our data with data from literature is hampered by the often
contradicting results.Forexample,Chenand Dickinson (1993)found,inagreement
with our results, superior emulsion forming properties for p-lactoglobulin compared
to those of (3-casein. In a similar study, the droplet sizes of emulsions made with
the same proteins were found to be comparable (Chen et al., 1993). Kato et al.
(1985), Dickinson et al. (1989) and Courthaudon et al. (1991) found, in contrast to
our results, superior emulsion forming properties for a-lactalbumin compared to
those of p-lactoglobulin. Dickinson et al. (1993b) found similar droplet sizes for
emulsions made with these proteins. According to Shimizu et al. (1986b), the
emulsion forming properties of p-casein were comparable to those of
a-lactalbumin.
In general, the differences in the emulsion forming properties of p-casein,
p-lactoglobulin and a-lactalbumin are found to be small. Deviations between
literature date and our results may be due to variations in the properties of the
studied proteins, like purity and degree of denaturation, and in the methods used.
In literature, the emulsion forming properties of proteins are mostly studied at a
single protein concentration, often using ambiguous methods. As shown in Figure
4.3, the dependence of the droplet size on protein concentration may vary among
proteins. Determination of protein functionality at a single concentration may,
therefore, result inerroneous conclusions.
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The emulsions made with lysozyme were strongly aggregated and the size
of the (deflocculated) emulsion droplets was found to be relatively large (Figure
4.3b). This relatively large droplet size is probably related to the state of
aggregation as will be discussed later. The emulsion forming properties of
lysozyme were, despite the similarities in their molecular structures (Brew et al.,
1967), inferior to those of a-lactalbumin. In the literature, the emulsion forming
properties of lysozyme are also generally found to be poor compared to those of
other proteins, like caseins and whey proteins (Pearce and Kinsella, 1978; Kato et
al., 1985).These inferior properties may be due tothe high conformational stability
oflysozyme (Nordeand Favier, 1992).
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Average droplet size of emulsions made with p-casein (D) or ovalbumin ( • ) as
function of: a, concentration (c); b, number of passes through a high-pressure
homogenizer at aconcentration of 16 mg.ml"1;all at pH6.7 and /=0.075 M.

As shown in Figure4.4a,the droplet size ofemulsions made with ovalbumin
was relatively large and strongly dependent on protein concentration. Similar
results are reported by Pearce and Kinsella (1978) and Kato et al. (1985). The
emulsions made with ovalbumin were, like those made with lysozyme, strongly
aggregated probably dueto bridgingflocculation via proteinaggregates. Ovalbumin
readily denatures at interfaces (Pearce and Kinsella, 1978; Kitabatake and Doi,
1987). Upon denaturation, reactive free thiol-groups are exposed, resulting in the
formation ofovalbumin polymersvia intermoleculardisulfide-bonds (Kitabatake and
Doi, 1987).
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In case of progressing polymer formation, insoluble ovalbumin aggregates
may be formed, decreasing the effective concentration and hence the emulsion
forming properties of the protein. Pearce and Kinsella (1978) showed that the
droplet size of emulsions made with ovalbumin increases if the emulsions are
"homogenized" for a prolonged period of time using a type of ultra-turrax. In our
study, emulsions made with ovalbumin appeared to be insensitive to such overprocessing (Figure 4.4b), hence the processing time appeared to have little effect
on the effective protein concentration. The negative effect of the processing time
found by Pearce and Kinsella (1978) is likely to be due to the incorporation of air
duringtheemulsification procedure.
4.4

Surface excess

4.4.1 Emulsionsmadewithp-casein
InFigure4.5,the surface excess ofemulsion droplets madewith p-casein is
shown. The surface excess is given as function of protein concentration (c) over
specific interfacial area (A) to facilitate comparison of the surface excess of
emulsions stabilizedwithvarious proteins anddiffering interfacialareas.

clA (mg.m"^)

Figure 4.5

Surface excess (I") of emulsion droplets made with p-casein (pH 6.7 and / = 0.075
M) versus concentration over specific interfacial area (clA). The straight line
indicates the hypothetical surface excess obtained if all protein would be adsorbed
onto the emulsion droplets.
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At low protein concentrations,thesurface excess ofemulsion droplets made
with p-casein increased rapidly with an increasing concentration and most of the
p-casein available adsorbed at the droplet interface. At higher concentrations, the
droplet interface became saturated with protein and a plateau surface excess was
reached.
Proteins generally have a very high affinity for oil/water interfaces and
readily adsorb at planar interfaces at much lower concentrations than smallmolecule surfactants (Walstraandde Roos, 1993). Inemulsions,the affinity for the
oil/water interface appeared to bedecreased and a relatively high concentration of
unadsorbed protein (ceq) was required to obtain a significant surface excess
(Figure4.6).Similar resultswerefoundforglobular proteins.

-2

o
log(ceq/wt.%)

Figure 4.6

Surface excess (r) of p-casein for quiescent adsorption at a planar oil/water
interface ( • ; data taken from Graham and Phillips, 1979b) and at an emulsion
droplet interface ( • ) as function of the equilibrium concentration of the aqueous
phase (Co,).

If p-casein was addedtoan emulsion with a lowsurface excess,the surface
excess increased until the plateau surface excess was obtained. Apparently, in
emulsions a barrier for protein adsorption is present and protein adsorption may
only occur if the equilibrium concentration is sufficiently high. For example: the
surface excess of anemulsion with an initial p-casein concentration over interfacial
area of 2.2 mg.m"2 increased from 2.0 mg.m"2 to 3.8 mg.m"2 if the p-casein
concentration was increased to 12mg.m"2.Similar results were found by Dalgleish
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(1990), who showed that the thickness of a layer of p-casein adsorbed at latex
particles is not affected by the number of steps in which p-casein is added to the
dispersion.
The cause of the relatively low "affinity" of p-casein for a droplet interface is
unclear. An important difference between a planar and a droplet interface is that
the interfacial area of emulsion droplets is, in contrast to a planar interface,
correlated to the protein concentration and homogenization conditions. During
emulsification, the droplet interface will be repeatedly expanded and compressed,
which will likely enhance the unfolding of adsorbed proteins and hence affect the
surface excess of the droplets. It appears to be unlikely that the curvature of the
droplet interface affects theaffinity of proteinsforthe interface.
The plateau surface excess of p-casein adsorbed at emulsion droplets
appeared to be relatively high compared to those determined by Graham and
Phillips (1979b) for p-casein adsorbed at a planar oil/water interface. At these
interfaces, p-casein forms multilayers at high concentrations (Graham and Phillips,
1979b). Multilayer adsorption may be induced by the tendency of p-casein to form
micelles in solution (Payens and Markwijk, 1963; Niki and Arima, 1969). To
establish whether the high surface excess determined in this study was due to
multilayer adsorption,the effect ofwashing ofthe emulsions on the surface excess
was determined. To wash emulsions, the emulsion droplets were separated from
the aqueous phase by centrifugation. The removed cream was diluted with buffer
solution to regain the initial oil fraction. This procedure was repeated thrice to
remove any unadsorbed protein from the aqueous phase. Due to the decreased
protein concentration of the aqueous phase, any protein multilayer present will be
desorbed (Walstra andde Roos,1993).
Asshown in Figure4.7,thesurface excess ofemulsions madewith p-casein
was not affected by washing. Hence, the relatively high surface excess of the
emulsion droplets could not beattributed to multilayer adsorption. Further evidence
against multilayer formation orthe adsorption of p-casein micelles was obtained by
preparing and analyzing emulsions at 4 °C, where hydrophobic interactions are
minimal and p-casein micelles are absent (Payens and Markwijk, 1963; Creamer,
1972). Again, similar surface excesses were found for emulsions prepared at
ambient temperature and at 4 °C, suggesting monolayer adsorption at both
temperatures. The presence of p-casein micelles appears to have little effect on
the properties oftheadsorbed protein layer (Dickinson,1989).
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Surface excess (r) of emulsion droplets made with p-casein (pH 6.7 and / = 0.075
M) versus concentration over specific interfacial area (clA): emulsions prepared at
ambient temperature ( • ) , washed emulsions ( • ) , and emulsions prepared and
analyzed at4 °C (O).

Few data are available on the surface excess of emulsion droplets as
function of protein concentration. Interpretation ofthe surface excess obtained ata
single protein concentration iscomplicated,sincefrom most results it is not evident
if sufficient protein was present to obtain a monolayer coverage. Also, the surface
excess appears to depend on the type of disperse phase (Dickinson and Tanai,
1992; Dickinson et al., 1993b). In general,the surface excess of adsorbed protein
monolayers varies between about 1 to 3 mg.m"2. The plateau surface excess
determined inour study for emulsions madewith p-casein was thus relatively high,
but appears to agree rather well with other studies. For example, Dickinson et al.
(1988b) and Chen and Dickinson (1993) determined a surface excess for
n-tetradecane emulsions (cp=0.2) made with 4 mg.ml"1 p-casein with droplet sizes
of 1.2and 1.4urnofabout 2.9 mg.m"2and3.2 mg.m"2,respectively.
The high surface excess of adsorbed p-casein is likely to be related to its
low conformational stability. p-Casein is an approximately random coil protein with
a highlyflexible structure (Creamer etal., 1981; Swaisgood, 1982). Duetothis high
flexibility,the interfacial area occupied by p-casein molecules isstrongly dependent
on the surface excess (Feijter and Benjamins, 1982). At a high surface excess,a
dense layer is formed which is much thicker than would be expected from the
hydrodynamic radius of p-casein (4.6 nm) (Dalgleish, 1990). The flexible
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conformation of p-casein allows the formation of a thick, "brush"-like layer with the
hydrophobic C-terminal adsorbed at the interface and the charged N-terminal
domain protruding far into the aqueous phase (Dalgleish and Leaver, 1991;
Dickinson et al., 1993a; Beek et al., 1996). A schematic representation of the
conformation of p-casein adsorbed atanoil/water interface isshown inFigure4.8.

oooo

Figure4.8

oil
water

Schematic representation of the presumed molecular conformation at the oil/water
interface of: a, p-casein; b,globular proteins like p-lactoglobulin and lysozyme.

4.4.2 Emulsionsmadewithglobularproteins
The adsorption isotherms of emulsions made with p-lactoglobulin or
lysozyme were similar to those of emulsions made with p-casein, although the
maximum surface excess ofthese emulsionswasfound to berelatively low (Figure
4.9).Thesurface excessofemulsions madewith p-lactoglobulin found inthisstudy
was somewhat larger than the surface excess determined by Chen and Dickinson
(1993) for n-tetradecane emulsions (cp = 0.2) made with p-lactoglobulin (c = 4
mg.ml"1, d32 = 0.93 u.m and r = 1.4 mg.m"2). According to Graham and Phillips
(1979b),the plateau surface excess of lysozyme atthe air/water surface isabout2
mg.m"2,which agrees wellwithour results.Ataplanar oil/water interface, however,
noplateausurface excess could bedetermined bythese authors.
The difference in surface excess of emulsions made with globular proteins,
like p-lactoglobulin and lysozyme and a random coil protein, like p-casein is likely
due to variations in their molecular flexibility. Globular proteins generally have a
less flexible conformation and largely retain their conformation when adsorbed at
interfaces. Various studies have shown that globular proteins form a relatively thin
adsorbed layer, yielding a lowsurface excess asisshown in Figure4.8.Compared
to p-casein, p-lactoglobulin forms a much more compact and dense layer at
oil/water interfaces (Dalgleish and Leaver, 1991;Atkinson et al., 1995). The layer
of lysozyme adsorbed at a methylated silica surface is also relatively thin
(Malmsten, 1994). The conformational stability, hence, appears to be an important
factor determining the surface excess ofemulsiondroplets.
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clA (mg.rrf2)

Figure 4.9

Surface excess (r) of emulsion droplets versus concentration over specific
interfacial area (clA) made with p-casein (D), (3-lactoglobulin ( • ) or lysozyme (O);
allat pH6.7and/ =0.075M.

Despitethehigh conformational stability ofglobular proteins,some unfolding
will occur upon adsorption. Even a globular protein with a high conformational
stability, like lysozyme, will adjust its conformation as is evident from the loss of
enzymatic activity upon adsorption at emulsion droplets (de Roos and Walstra,
1996).The extend ofthe conformational changes depends on the type of interface
andthesurface excess (Grahamand Phillips, 1979c; Nordeand Favier, 1992;Vegt
etal., 1996).
The surface excess of emulsions made with a-lactalbumin appeared to
reach a plateau value at intermediate concentrations (Figure 4.10a). At higher
concentrations,thesurface excess increasedwith increasing protein concentration.
After washing of the emulsions, the surface excess was similar to the surface
excess of emulsions made with p-lactoglobulin. Hence, the high surface excess
was obviously due to multilayer adsorption. a-Lactalbumin has a low
conformational stability (Barel et al., 1972;Acharya et al., 1989) and tends to form
aggregates in the unfolded state via hydrophobic interactions (Segawa andSugai,
1983), which may explain multilayer adsorption. This presumed "interfacial
aggregation"did,however, notinducedropletaggregation.
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Surface excess (r) versus concentration over specific interfacial area (clA) of: a,
emulsions made with a-lactalbumin before ( • ) and after washing (•); b, emulsions
made with ovalbumin ( • ) ; all at pH 6.7 and / = 0.075 M. The surface excess of
emulsions with p-casein ( • ) and p-lactoglobulin (O) areshown as reference.

The surface excess of emulsions with a-lactalbumin after washing agrees
well with literature data determined at relatively low concentrations. It is generally
reported that the surface excess of emulsions made with a-lactalbumin is
somewhat smaller or comparable to those of emulsions made with p-lactoglobulin
(Dickinson et al., 1989; Couthaudon et al., 1991; Dickinson et al., 1993b;
Matsumura et al., 1994). No data were available on the surface excess at high
a-lactalbumin concentrations.
The surface excess of emulsion droplets with ovalbumin showed an
unusual, but reproducible dependence on protein concentration and appeared to
be relatively high for a monolayer of adsorbed globular proteins (Figure 4.10b). At
air/water interfaces,the surface excess ofan ovalbumin monolayer equals about 2
mg.m"2 (Bull, 1972; Feijter and Benjamins, 1982). Mine et al. (1991) showed that
the surface excess ofovalbumin at emulsion droplets isgenerally much higher due
to multilayer adsorption. Ovalbumin readily denatures at interfaces, exposing free
thiol-groups and initiating the formation of inter and intramolecular disulfide-bonds
(Pearce and Kinsella, 1978; Kitabatake and Doi, 1987). The ensuing ovalbumin
polymers result in a high surface excess. The size of the polymers is likely to
depend on ovalbumin concentration, which might explain the unusual relation
betweensurface excessandovalbumin concentration.
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To study the effect of the formation of intermolecular disulfide-bonds on the
properties of emulsions made with ovalbumin, 5 mM of the thiol-blocking agent
N-ethylmaleimide (NEM) was added to the ovalbumin solution prior to
emulsification. Addition of NEM did not affect the droplet size distribution, the
surface excess orthe aggregation ofthe emulsions (results not shown). Kitabatake
and Doi (1987) demonstrated that ovalbumin may form aggregates via covalent
andnon-covalent interactions upondenaturation.Apparently,thetypeof interaction
causing polymer formation, has no significant effect on the emulsion properties.
This agrees with results of Kitabataka and Doi (1987) who found little effect of the
addition of NEMonthestability offoams madewithovalbumin.
4.5

Recoalescence during emulsification

4.5.1 Recoalescence stabilityofemulsionsmadewith (5-casein

Figure 4.11

Ratio Fp/F0 as a measure of recoalescence during homogenization of emulsions
made with p-casein at pH 6.7 and / = 0.075 M. Concentrations: 1.6 mg.ml"1 ( • ) ; 4
mg.ml"1 ( • ) ; and 12mg.ml"1 (O).

The droplet size distribution of emulsions is governed by a kind of steadystate between droplet break-up and recoalescence during emulsification (Walstra,
1993). To establish whether variations in the droplet size of emulsions made with
different proteins is due to differences in the ability of proteins to facilitate droplet
break-up or to prevent immediate recoalescence, the rate of recoalescence during
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emulsionformation wasstudied. InFigure 4.11, the ratio Fp/F0isshown asfunction
of the number of passes through the homogenizer of an emulsion made with
p-casein. The initial slope of the curve is a measure of the recoalescence rate
during homogenization, with a steeper slope indicating a higher recoalescence
rate.
The rate of recoalescence decreased with increasing protein concentration
presumably due to an increasing surface excess of the emulsion droplets.
However, even at a concentration where the droplets have a maximum surface
excess,some recoalescence occurred.The recoalescence ratewas also governed
by the homogenization pressure and the oil fraction of the emulsions (results not
shown).
Since the surface excess appeared to affect the recoalescence stability of
emulsions, the recoalescence rate may depend on the decrease in droplet size
during emulsification. The recoalescence of emulsions was studied using preemulsions, which were homogenized repeatedly until a steady droplet size was
obtained. Subsequent re-homogenization during recoalescence experiments will
only induce limited droplet break-up. The interfacial area of the emulsions, and
hence the amount of adsorbed proteins will, therefore, remain approximately
constantduringthese recoalescence experiments.
When making new emulsions, the initial droplet size is relatively large and
little protein is adsorbed at the droplet interface. During emulsification of these
coarse emulsions, the rate of droplet break-up will initially be high and a large
amount of new interfacial area will be formed at which proteins will immediately
absorb.The surface excess will nevertheless be relatively small and the adsorbed
proteins will have little time to unfold to the most favourable conformation (Walstra
andSmulders, 1998).The recoalescence ratemay,therefore, bedependent onthe
extent ofthe increase in interfacial area.To study this effect, coarse pre-emulsions
were prepared using a single pass through the homogenizer and the
recoalescence ratewasdetermined.
The recoalescence rate during re-homogenization of emulsions made with
p-casein prepared using asingle passor multiple passesthrough the homogenizer
is shown in Figure 4.12. The turbidity measurements were corrected for the
decrease in emulsion droplet size during homogenization. The coarseness of the
pre-emulsions appeared to have no significant effect on the recoalescence rate.
Apparently, the time-scale required for stabilizing the droplets against immediate
recoalescence isofthe same order of magnitude asthetime-scale ofthe emulsion
forming process (say afew microseconds). Detailed calculations ofthe time-scales
are hampered, since little is known about the time-scales of the processes
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occurring during the formation of emulsions in a bounded type of laminar flow,
which isprevalent inthe laboratory homogenizerused.

Figure4.12

Ratio Fp/F0 as a measure of recoalescence during homogenization of emulsions
with 4 mg.ml"1 p-casein at pH 6.7 and / = 0.075 M. Homogenization procedure preemulsions:single pass ( • ) ; multiple passes ( • ) .

4.5.2 Recoalescence stabilityofemulsions madewithglobularproteins
In Figure 4.13, the recoalescence rates of emulsions made with p-casein,
(3-lactoglobulin or a-lactalbumin are compared at varying protein concentrations.
The recoalescence rate of these emulsions appeared to be mainly determined by
protein concentration. The protein properties seemed to have no significant effect
onrecoalescence stability undertheconditionsstudied.
It was shown previously that the minimum droplet size of emulsions made
with these proteins decreased in the order p-casein, a-lactalbumin and
p-lactoglobulin. Since the recoalescence stabilities appeared to be similar, the
differences in droplet sizes were likely to be due to variations in the abilities of
these proteins tofacilitate droplet break-up.

56

Emulsionforming properties of proteins

Fp/Fo1 )

i

a

Fp/Fo1(

i

0.8-

0.8- •

t
3

0.6-

•O G

8
9

n

•o •
0.6-

a
1
0.4- o
B
•a
o
0.2-

0-

b

'Ifc, D

i

D

° •

•
o
O

0.4-

0.2-

DD
a
• OB O "
D o i
1
1

50

0-

!-•
150
200
passes

e—

100

0

50

100

150

200
passes

Fp/F 0 1

0

Figure 4.13

50

100

150

200
passes

The recoalescence stability of emulsions made with p-casein ( • ) , (5-lactoglobulin
( • ) or a-lactalbumin (O). Protein concentration: a, 1.6 mg.ml"1, b, 4 mg.ml"1, and c,
12 mg.ml"1; all at pH 6.7 and /=0.075 M.
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The recoalescence rate during homogenization of emulsions made with
lysozymeandovalbumin appeared to berelatively high (Figure4.14).The relatively
inferior emulsion forming properties of these proteins is, therefore, likely to be at
least partially due to their poor recoalescence stabilizing properties. As is also
shown later, there appears to be a relation between droplet aggregation, droplet
size,and recoalescence rate.Generally, aggregated emulsionswerefoundto have
relatively large droplets and poor recoalescence stabilities. It could be that
aggregated droplets are less stable against recoalescence duetothe relatively thin
film separating the droplets. However, little is known about the state of aggregation
duringemulsificationand hencethe mechanism remains partlyobscure.
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Ratio Fp/F0 as a measure of recoalescence during homogenization of emulsions
with: a, lysozyme with a concentration of 1.6 mg.ml"1 (D), 4 mg.ml"1 ( • ) , and 12
mg.ml"1 (O); b, lysozyme (O) and ovalbumin ( • ) in a concentration of 12 mg.ml"1;
allat pH6.7and/ =0.075M.

Effect of physicochemicalconditions onemulsion formation

4.6.1 Emulsions madewith (5-casein
Many of the molecular properties of proteins are governed by
physicochemical conditions. The pH affects amongst others the net charge,
conformation and conformational stability of proteins. The effect of variations inpH
ontheemulsionforming propertiesof (3-caseinisshowninFigure4.15.
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Emulsion forming properties of p-casein at pH 5.6 ( • ) , 6.7 (D), and 9.0 (O) as
function of concentration (c): a, volume-surface average droplet size (d32); b,
surface excess (r); allat /=0.075 M.

Fp/Fo

Figure 4.16

Ratio Fp/F0as a measure of recoalescence during homogenization of emulsions
with 1.6mg.ml"1 p-casein at pH 6.7 ( • ) , and pH 9.0 ( • ) ; /=0.075 M.
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The droplet sizes of emulsions made with p-casein at pH 5.6 and 9.0 were
relatively large at a low protein concentration. At pH 5.6, the droplets were
aggregated at this concentration which may have induced the relatively large
droplet size. At higher concentrations, the droplet size of emulsions made with
p-casein at pH5.6 and 6.7 appearedto besimilar,while at pH9.0 smaller droplets
were found. The recoalescence rate during homogenization was found to be
somewhat lower at pH 9.0 than at pH 6.7 (Figure 4.16), which may partly explain
the smaller droplet sizes at pH 9.0. The emulsion forming properties of p-casein at
pH6.7 were possibly affected by the presence of micelles. At pH9.0, micellization
of p-casein is impeded due to the high charge of the molecules (Niki and Arima,
1969). The absence of micelles may have improved the emulsion forming
properties of p-casein atthe highpH.
The surface excess of emulsion droplets with p-casein appeared to
decrease with an increasing pH. This decrease is likely to be due to increasing
electrostatic interactions between adsorbed p-casein molecules if the pH is further
away from the isoelectric pH,hampering a close packing of p-casein at the droplet
interface.
P-casein has a low solubility near its isoelectric pH (~ pH 5) due to the low
charge of the proteins (Bingham, 1971). The emulsion forming properties of
p-casein were very poor at this pH. For example: for an emulsion made with 8
mg.ml"1 p-casein, a droplet size of 6.5 urn and surface excess of 43 mg.m'2 was
found.Theemulsion wasseverely aggregated probably dueto bridging flocculation
by undissolved protein particles. The results of a range of experiments under
various conditions (not shown) indicated that near the isoelectric pH the emulsion
properties were mainly determined by the number and size of the undissolved
particles andless bythe protein properties.
The net charge of p-casein appeared to have a large effect on the emulsion
forming properties of p-casein. This effect was studied further by varying the ionic
strength of the emulsions. An increased ionic strength of 0.075 M to 0.150 M
appeared to have no significant effect on the droplet size and surface excess of
emulsions made with p-casein at pH 6.7. Dickinson et al (1998) showed likewise
that the droplet size of emulsions made with p-casein was not affected up to an
ionicstrength of0.2 Minthe pHrange of5.5 to7.0.At pH9.0,the droplet sizewas
neither found to beaffected byan increase inionic strength from 0.075 to 0.150M,
but the surface excess was found to be somewhat higher (r p i at = 3.1 mg.m'2 and
3.5 mg.m"2at / = 0.075 Mand 0.150 M, respectively). At a high ionic strength,the
electrostatic interactions between proteins are relatively low, allowing a more
dense packing of proteins at the droplet interface, hence a higher surface excess.
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Especially at pH 9.0, where the charge of (3-casein is high, the effect of increased
shielding of the charge on the surface excess may be significant. However in
general, the ionic strength appeared to have only a small effect on the emulsion
forming properties of (3-caseininthe rangestudied.
4.6.2 Emulsionsmadewithp-lactoglobulin

FplF0

150

Figure 4.17
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Emulsion forming properties of p-lactoglobulin as function of pH: a, volume-surface
average diameter (d32) at a concentration of 1.6 mg.ml"1 ( • ) and 16 mg.ml"1 ( • ) ; b,
ratio Fp/Fo as a measure of recoalescence during homogenization of emulsions
made ata concentration of 12 mg.ml"1at pH 5.6 ( • ) and pH6.7 ( • ) ; allat /= 0.075
M.

The emulsion forming properties of p-lactoglobulin appeared to be superior
under conditions prevalent in milk, i.e. pH 6.7 and an ionic strength of 0.075 M
(Figure 4.17a). At pH9.0 and a high p-lactoglobulin concentration,the droplet size
of the emulsions was comparable to those of emulsions made at pH 6.7. At a low
concentration, the droplets were at pH 9.0 somewhat larger and aggregated. The
surface excess oftheemulsionswassimilar at both pHvalues.
At pH 9.0, p-lactoglobulin is slowly and irreversibly denatured and
aggregates linked by intermolecular disulfide-bonds are formed (Tanford et al.,
1959; McKenzie and Sawyer, 1967; Kellaand Kinsella, 1988).The resulting protein
polymers may at low concentrations induce droplet aggregation by bridging
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flocculation.At higher concentrations, the presence of polymers apparently did not
haveaneffect ontheemulsion properties.
The emulsion droplets made at pH2.0 were relatively large and aggregated
compared tothose made at pH6.7. At pH2.0, p-lactoglobulin has a relatively high
conformational stability (Kella and Kinsella, 1988b) and is in solution primarily
present as monomers (Aymard et al., 1996), whereas at pH 6.7 p-lactoglobulin is
mainly present as dimers (Townend et al., 1960b; McKenzie and Sawyer, 1967).
Boththeaggregatedstateaswellastheconformational stability may haveaffected
theemulsionforming properties of p-lactoglobulin.
The emulsion forming properties of p-lactoglobulin were poor near its
isoelectric pH(pH5.1).Theemulsion dropletswere relatively large and aggregated
and the surface excess was found to be relatively high (r = 1.8 mg.m"2 at pH 6.7
and r = 2.1 mg.m"2 at pH 4.7 and pH 5.6). It was again observed that the
aggregated emulsions were less stable against recoalescence than the emulsions
without aggregates at pH 6.7 (Figure 4.17b), probably partly explaining their
relatively largedropletsize.
The results on the emulsion forming properties of p-lactoglobulin as a
function of pH are in good agreement with the results reported in literature. The
emulsion forming properties of p-lactoglobulin are generally found to be inferior
near their isoelectric pH, mainly due to droplet aggregation (Klemaszewski et al.,
1992; Chen and Dickinson, 1993; Dickinson and Williams, 1994). Chen and
Dickinson (1993) reported a minimum droplet size at pH7.0 (cf32=0.93 jxm),anda
slightly larger droplet size at a lower pH(0(32 = 1.23\im and 1.29^m at pH5.0 and
3.0, respectively). The surfaces excess of the emulsions was found to be highest
near the isoelectric pHof p-lactoglobulin (r = 1.6 mg.m"2and 1.4 mg.m"2 at pH 5.0
and 7.0, respectively). Dickinson and Williams (1994)found nofurther effect ofthe
pHonthedroplet size inthepH-range2.0to7.0.
The relatively poor emulsion forming properties near the isoelectric pH of
p-lactoglobulin may have been due to the zero net charge of the molecules. At a
zero net charge, proteins have a very compact conformation and electrostatic
interactions between proteins are reduced. For p-lactoglobulin, this results in a
decreased solubility near its isoelectric pH (de Wit and Kessel, 1996), hence an
increased effective molar mass due to protein aggregation, which may in turn
induce droplet aggregation. The relatively high surface excess found near the
isoelectric pHmay beduetodecreased electrostatic and steric repulsions between
adsorbed proteins.
The influence of the ionic strength on the emulsion forming properties of
p-lactoglobulin was studied at varying pH values. At pH 6.7, the size of the
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emulsion droplets increased with an increase in ionic strength from 0.075 M to
0.150 M (Figure 4.18). The emulsions were aggregated and the surface excess
was relatively high (r =1.8mg.m"2and2.2 mg.m"2atanionicstrength of0.075 and
0.150, respectively). Both may be attributed to an increased shielding of the
electrostatic charges of the proteins, resulting in a decreased electrostatic
repulsion.
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Effect of ionic strength on the volume-surface average droplet size (d32) of
emulsions made with (3-lactoglobulin at pH 6.7 and an ionic strength of 0.075 M
( • ) , and 0.150 M ( • ) .

In the range studied, the ionic strength did not affect the emulsion forming
properties of p-lactoglobulin at pH values above and below 6.7. At a pH between
2.0 and 5.6, the ionic strength appear to have no significant effect on the
aggregated state of the emulsions. At pH 9.0, the proteins are highly charged and
an increase in ionic strength had apparently little impact on the electrostatic
interactions betweenthe proteins.
4.6.3 Emulsions madewith a-lactalbumin
In Figure 4.19 the effect of pH on the emulsion forming properties of
a-lactalbumin is shown. Again it was found that the emulsion forming properties
were poor near the isoelectric pH of a-lactalbumin. The droplets were aggregated
and the surface excess was relatively high, which was at high protein
concentrations mostlikely dueto multilayer adsorption.Asimilar effect ofpHonthe
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emulsion forming properties of a-lactalbumin was found by Klemaszewski et al.
(1992)for pHvalues rangingfrom4.0to7.0.

Figure 4.19

The emulsion forming properties of a-lactalbumin as function of pH at a
concentration of 1.6 mg.ml"1 ( • ) and 16 mg.ml"1 ( • ) : a, volume-surface average
droplet size (d32); b,surface excess (r); /=0.075 M.

At pH2.0 andalow a-lactalbumin concentration,theemulsion dropletswere
relatively large and aggregated. At a high concentration, the emulsion forming
properties of a-lactalbumin appeared to beslightly superior tothose at pH6.7.The
surface excess was relatively low at this pH, which agrees with the results of
Matsumura et al.(1994).At pH2.0, a-lactalbumin is in a molten globule state with
a relatively high conformational flexibility. The increased flexibility may have a
positive effect on the emulsion forming properties of a-lactalbumin, other factors
can, however, not beexcluded.
The ionic strength appeared to have little effect on the emulsion forming
propertiesof a-lactalbumin at pH6.7.An increase in ionic strength from 0.075 Mto
0.150 Mdid notaffect thedroplet sizeorsurfaceexcess.
4.6.4 Emulsionsmadewith lysozyme
The influence of pHand ionicstrength onthe emulsion forming properties of
lysozyme is shown in Table 4.2 for a concentration of 16 mg.ml"1. Similar results
werefound for lower lysozyme concentrations and the emulsions were aggregated
under all conditions studied. Electrostatic interactions appeared to have a large
effect on the emulsion forming properties of lysozyme. Decreasing these
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interactions by increasing the pH or the ionic strength, resulted in larger droplet
sizes and higher surface excesses. Similar results were found by Klemaszewskiet
al. (1992). Apparently, the tendency of lysozyme to form aggregates has a
negative effect onitsemulsionforming properties.
Table4.2

The emulsion forming properties of lysozyme asfunction of pHand ionic strength at
a concentration of 16 mg.ml'1.
/=0.150M

/=0.075 M
pH
6.7
9.0

2

d32 (nm)

r (mg.m" )

d32 (nm)

r (mg.m2)

1.18
1.43

1.93
3.44

1.46
1.66

3.50
4.04

4.6.5 Emulsionsmadewith ovalbumin
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Figure 4.20

The emulsion forming properties of ovalbumin as function of pH at a concentration
of 1.6 mg.ml'1 ( • ) and 16 mg.ml"1 ( • ) : a,volume-surface average droplet size (d32);
b, surface excess (r). /=0.075 M.

The emulsion forming properties of ovalbumin as function of pH are shown
in Figure 4.20. All emulsions were aggregated in the pH-range studied. Especially
at pH 9.0, the aggregation was severe and time-dependent as indicated by an
increasing emulsion viscosity and the formation of skin-like structures during
storage. The droplet size of the emulsions was found to increase with increasing
pH, while the surface excess was hardly affected by pH. Mine et al. (1991) found
for emulsions made with ovalbumin a similar pH dependence of the droplet size,
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but a decreasing surface excess with increasing pH. An increase in the ionic
strength from 0.075 to 0.150 M appeared to have little effect on the emulsion
propertiesat pH6.7.
The emulsion forming properties of ovalbumin were not significantly
deteriorated near its isoelectric pH. At pH 2.0, where the protein has a flexible,
molten globule conformation (Mineet al., 1991),theemulsionforming properties of
ovalbumin were found to be superior. In contrast, a-lactalbumin appeared to have
slightly inferior emulsion forming properties in the molten-globule state. These
contradicting results indicate thatthereappearsto benouniversal relation between
molecular properties as charge, conformation, and conformational stability and the
emulsion forming properties. Some general trends are discernible, but if a basic
understanding of the structure-function relation of proteins is desired, a
comprehensive knowledge of protein properties and the effect of physicochemical
conditionswould berequired.
4.7

Effect of heatdenaturation onemulsion properties

4.7.7 Emulsionsmadewith fi-lactoglobulin
To study the effect of conformational changes on the emulsion forming
properties of proteins, p-lactoglobulin was heat denatured. p-Lactoglobulin
solutionswere heatedat 85 °Cfor20 minutes prior toemulsification. The pHofthe
solutions was kept at pH 7.5 to limit the aggregation of p-lactoglobulin. Above pH
7.0, the aggregation of p-lactoglobulin due to heat denaturation is limited, resulting
in a decreased number of intermolecular disulfide exchange reactions and hence
limitingtheformationofcovalently linked polymers (deWitet al., 1988).
The droplet sizeofemulsions madewith heat-denatured p-lactoglobulin was
larger than those of emulsions made with the native protein (Figure 4.21) and a
relative high protein concentration was required to obtain a constant droplet size.
The emulsions with heat-denatured p-lactoglobulin were aggregated. Droplet
aggregation was strongest at low concentrations, probably due to bridging
flocculation. At higher concentrations, the extent of aggregation appeared to be
relatively low. The surface excess of emulsions with denatured p-lactoglobulin was
relatively high, which was likely due to the adsorption of protein aggregates. The
viscosity of the emulsions increased during storage, probably due to continuing
intermolecular reactions.

66

Emulsionforming properties of proteins

(mg.m

10

Figure 4.21

15

20

c (mg.ml"1)

10
15
c/A (mg.m"2)

Properties of emulsions made with p-lactoglobulin in the native state ( • ) , heatdenatured (O), and heat-denatured in presence of 2 mM NEM ( • ) : a, volumesurface average droplet size (of32), b, surface excess (r); all at pH 6.7 and /= 0.075
M. Solid line indicates surface excess of emulsion droplets that would result if the
proteins would becompletely adsorbed.

It is generally found that the droplet size and surface excess of emulsions
made with heat-denatured proteins are relatively large as a result of protein
aggregation (Oortwijn and Walstra, 1979; Saito and Taira, 1987; Rientjes and
Walstra, 1993). During heat denaturation, p-lactoglobulin unfolds, exposing a free
thiol-group. This thiol-group may react with other proteins and as a result
aggregates linked via disulfide-bonds are formed (Sawyer, 1968; lametti et al.,
1995). The size of the aggregates is dependent on protein concentration and on
physicochemical conditions (Sawyer et al., 1971;Saito and Taira, 1987; Boye et
al., 1996).
Tostudy theeffect ofaggregate sizeonemulsion properties, p-lactoglobulin
solutions with varying concentrations were heated and subsequently used for
making emulsions with similar protein concentrations (Figure 4.22). The droplet
sizeandtheaggregated stateoftheemulsionsgenerally appearedto increasewith
an increasing concentration atwhich the proteins were denatured, presumably due
to an increasing size of the protein aggregates. Hence, the emulsion forming
properties of p-lactoglobulin appear to be directly linked to the size of the
aggregates or the effective molar mass of the proteins. The surface excess was
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not significantly affected bytheconcentration atwhich the proteins were denatured
andsimilar tothose shown inFigure4.21b.

C32
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Volume-surface average droplet size (d32) of emulsions prepared with 1.6 mg.ml"1
( • ) or 4 mg.ml"1 ( • ) heat-denatured p-lactoglobulin. The concentration (c) at which
the proteinsolutions were heated isshown atthex-axis.

In this study, we were mainly interested in the relation between the
conformation and emulsion forming properties of p-lactoglobulin. It was, therefore,
attempted to prevent aggregation by adding NEM to the protein solutions prior to
heating. The emulsion forming properties of p-lactoglobulin denatured in presence
of NEM were slightly superior to those of p-lactoglobulin denatured without NEM
(Figure 4.21). The droplets were, however, still relatively large and aggregated and
the surface excess was high, most likely due to adsorption of aggregates. As
McClements et al. (1993) showed, NEM is capable of preventing the formation of
disulfide-bridges, but aggregation of p-lactoglobulin via non-covalent bondswill still
occur. Consequently, heat denaturation of p-lactoglobulin is not a suitable tool for
studying the effect ofconformational changes ontheemulsionformation.
4.7.2 Emulsions madewith a-lactalbumin
a-Lactalbumin was heat denatured (85 °C, 20 min) to study the effect of
conformational changes on its emulsion forming properties. At higher protein
concentrations, the droplet size of emulsions made with heat-denatured
a-lactalbumin was comparable to those of emulsions made with native proteins
68

Emulsionforming properties of proteins

(Figure4.23a).At aconcentration of 1.6 mg.ml heat-denatured a-lactalbumin,the
emulsion droplets were slightly aggregated and relatively large, while at higher
concentrations no significant effect was found. The surface excess of emulsions
made with heat-denatured a-lactalbumin appeared to be comparable or slightly
larger than those of emulsions made with native a-lactalbumin (Figure 4.23b). The
limited effect of heat denaturation on the emulsion forming properties of
a-lactalbumin was presumably due to the ability of a-lactalbumin to renature after
heating(Riieggetal., 1977;deWitand Klarenbeek, 1984).Any change inthestate
of aggregation and the surface excess may have been due to the presence of
someslight impurities (e.g.(3-lactoglobulin).
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Emulsion forming properties of native (D), and heat-denatured ( • ) a-lactalbumin:
a, volume-surface average droplet size (d32); b, surface excess (r). All at pH 6.7
and /=0.075M.

Conclusions

Some general relations between the molecular and emulsion forming
properties of proteins could beestablished. Proteins appear to havegood emulsion
forming properties aslongasthe protein iswellsoluble andaggregates areabsent.
Under these circumstances, only small differences in emulsion forming properties
could be determined. These difference are likely to be even smaller if the proteins
arelesspure.
In the presence of aggregates, e.g. due to previous heat denaturation,
usually relatively large droplet sizes and high recoalescence rates were found,
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which were probably due to the increased effective molar mass of the proteins.
Generally it was found that the droplet size and surface excess increased with
increasing aggregate size. The tendency for protein aggregation appeared mainly
to be determined by molecular properties, like electrostatic charge, conformational
stability, hydrophobicity, and the presence of thiol-groups. Physicochemical
conditions, like pH and ionic strength, mainly affected the emulsion forming
properties via their effect on intermolecular protein interactions, hence protein
aggregation.
The surface excess of emulsion droplets appeared to be mainly determined
by the conformational stability of proteins and,again,the presence of aggregates.
Proteins with a high conformational stability yielded emulsion droplets with a
relatively low surface excess. A flexible protein conformation, on the other hand,
allows the formation of a dense, and closely packed layer, hence a high surface
excess. The surface excess of emulsion droplets was high in the presence of
aggregates, which may be due to physicochemical conditions, surface or heat
denaturation.A highsurface excess mayalso becaused bymultilayeradsorption.
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Abstract
Oil-in-water emulsions were prepared at various physicochemical conditions
using purified and well-characterized p-casein peptides. An attempt was made to
relate the molecular properties of these peptides to their emulsion forming
properties.
The emulsion forming properties of amphiphilic (3-casein peptides (f. 1/29105/107)were superior to those of intact p-casein. At pH6.7, emulsions madewith
these peptides hadasmaller average droplet size anda lower surface excess than
those madewith the intact protein.The emulsionforming properties of hydrophobic
p-casein peptides (f. 106/108-209) were at pH 9.0 comparable to those of intact
P-casein atthispH.
Comparison of the properties of emulsions made with either p-casein
peptides of the intact protein appeared to indicate that the surface excess of the
droplets was largely determined bythe hydrophobic C-terminaldomain of p-casein.
Due to their relatively small molar mass, the peptides were more readily desorbed
fromtheoil/water interfacethan intact p-casein.

Chapter 5

5.1

Introduction

The functionality of proteins is thought to be governed by molecular
properties as size, amphiphilicity, number and distribution of hydrophobic groups,
electrostatic charge, conformation and conformational stability (Kinsella, 1984). In
the previous chapter, the relation between the molecular and emulsion forming
properties of proteins was studied by comparing the functionality of proteins with
widely varying molecular properties. In this chapter, the effect of controlled
modification of the molecular structure of a single protein by enzymatic hydrolysis
ontheemulsion formation isstudied.
Most work on enzymatically modified proteins describes the functionality of
hydrolyzate mixtures. To elucidate structure-function relations,well-defined peptide
fractions are required. Data on the functionality of pure peptides are, however,
limited. For example, Huang et al. (1996) compared the emulsion forming
properties of intact (3-lactoglobulin and a p-lactoglobulin peptide (f. 41-100)-S-S-(f.
149-162). The authors suggested that the superior emulsion forming properties of
this peptide were due to its increased solubility, amphiphilicity and conformational
flexibility. Enser et al. (1990), Carey et al. (1994), and Saito et al. (1995) studied
the emulsifying properties of synthetic peptides designed to form amphipathic
secondary structures, which were assumed to yield an optimal functionality.
However, no clear relation between the secondary structure and the emulsion
formation could be established.Thefunctionality ofthese peptides appeared to be
mainly determined by their solubility (Saito et al., 1995) and molar mass (Enser et
al., 1990; Carey et al.,1994).A similar relation between molar mass and emulsion
formation was found for amphiphilic asi-casein peptides (f. 1-23) (Shimizu et al.,
1986a), and hydrophilic (f. 1-25) and hydrophobic (f. 193-209) (3-casein peptides
(Lee et al., 1987a). The inferior emulsion forming properties of these peptides
appeared tobemainly duetotheir relatively small molarmass.
In this study, the emulsion forming properties of purified p-casein peptides
were investigated. p-Casein has some distinct and well-known features and
thereby offers excellent opportunities for studying structure-function relations. A
noteworthy feature of p-casein is the uneven distribution of hydrophobic and
electrostatically charged residues along the polypeptide chain (Swaisgood, 1982),
making the protein strongly amphiphilic (Figure 5.1). Of interest is also its flexible
and approximately random coil structure (Creamer et al., 1981; Graham et al.,
1984).

72

Emulsionforming properties of (3-casein peptides

(f.106/108/114-209)
(f.1/29-105/107)

LLLJ

or
0

20

40

i m • Wi—III.•' »•• •• » • • • • •! I • ••—•• MM'•—I • • • • • J • •

60

80

100

120

140

160

180

200

Residuesequence number

Figure 5.1

Schematic representation of the peptide chain of (3-casein at pH 6.7. The positive
and negative charges are indicated byvertical bars,with the long negative bars and
the small positive bars denoting the phosphoseryl and histidine residues,
respectively. The black squares represent the hydrophobic amino acids. (After
Walstra et al., 1999).The peptide fractions are indicated.

The (3-casein peptides used inthis study were kindly provided by Caessens
and co-workers. p-Casein was hydrolyzed by plasmin and the resulting
hydrolyzates werefractionated andcharacterized (Caessens et al., 1997a; 1999b).
Of these fractions, a group of amphiphilic and a group of hydrophobic peptides
were selected for further research. The amphiphilic peptides (RET1: f. 1/29105/107) originate from the highly charged N-terminal domain of p-casein. This
group of peptides was further fractionated, yielding two fractions of amphiphilic
peptides IEC2 (f. 29-105/107) and IEC3 (f. 1-105/107). Both fractions consist of
peptides with a highly charged N-terminal and a hydrophobic C-terminal domain,
resembling miniature p-casein molecules. The main difference between the
fractions IEC2and IEC3 isthesizeofthe charged N-terminal headandthe number
of bulky and highly charged phosphoseryl residues present (1 and 5 residues,
respectively). The second group of peptides originates from the C-terminal domain
of p-casein (PEL1: f. 106/108/114-209). These peptides contain mainly
hydrophobic amino acids and at neutral pH only afew charged groups. The molar
masses ofthe peptidefractions aresummarized inTable 5.1.
The wide variation in the molecular properties of the p-casein peptides was
expected to result in significantly different emulsion forming properties, enabling a
detailed study of the relation between functionality and molecular structure. To
elucidate this relation,the emulsion forming properties ofthe peptides were studied
atvarious physicochemicalconditions andcomparedwiththose of intact p-casein.
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Table 5.1

Molar masses of p-casein and selected p-casein peptides (Caessens et al., 1997a;
1999b).
Fraction
p-casein
amphiphilic peptides RET1
IEC2: f. 29-105
f. 29-107
IEC3: f. 1-105
f. 1-107
hydrophobic peptides PEL1
f. 106-209
f. 108-209
f. 114-209

5.2

Molar mass (Da)
24040
8740
9000
12200
12460
11820
11560
10830

Emulsionforming properties ofamphiphilic p-casein peptides

5.2.1 Dropletsize
Figure 5.2 shows the volume-surface average droplet size of oil-in-water
emulsions made with p-casein and amphiphilic p-casein peptides as a function of
concentration at pH 6.7 and an ionic strength of 0.075 M. At a low peptide
concentration, the droplet size of emulsions made with amphiphilic peptides RET1
(f. 1/29-105/107) was slightly smaller than those of emulsions made with p-casein.
Increasing the concentration resulted in a decreasing average droplet size of
emulsions with amphiphilic peptides, whereas the droplet size of emulsions with
intact p-casein remained approximately constant. At a surplus concentration, the
average droplet size of the peptide stabilized emulsions (cfo = 0.69 ^m) was
smaller than those of emulsions made with any of the proteins studied (e.g. cfo=
1.08 |im and 0.79 \im for emulsions with p-casein and p-lactoglobulin,
respectively). Further fractionation of the amphiphilic peptides in IEC2 (f. 29105/107) and IEC3 (f. 1-105/107)with a small and a large electrostatically charged
head, respectively, had nosignificant effect ontheemulsion dropletsize.
Results similar tothose described here,were reported byCaessens andcoworkers (1997a; 1999b) who made a preliminary study of the emulsion forming
properties of the same peptide fractions. Caessens et al. (1999a) studied the
secondary structure of p-casein and the amphiphilic peptides IEC2 and IEC3 in
solution and adsorbed at hydrophobic Teflon particles using far-ultraviolet circular
dichroism (pH 6.7 and / = 0.020 M). Approximately 70-80 % of the secondary
structure of p-casein and p-casein peptides in solution consisted of a random coil
structure. The secondary structures of the adsorbed protein and peptides were
more ordered and contained less random coil structure (approximately 65 %,55%,
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and 50%for p-casein and the peptides IEC2 and IEC3, respectively). The change
in the secondary structure after adsorption was smaller at an ionic strength of
0.075 M.
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Volume-surface average droplet size (d32)of emulsions asfunction of concentration
(c) of: a, amphiphilic peptides RET1 ( • ) and p-casein ( • ) ; b, amphiphilic peptides
RET1 ( • ) , IEC2 (O), and IEC3 (•); all at pH 6.7 and /=0.075 M.

Despite the similar secondary structures of p-casein and amphiphilic
peptides, the droplet size of the emulsions was found to be distinctly different. The
secondary structure, therefore, appeared to have a negligible effect on the
emulsion forming properties. The secondary structures were, however, rather
similarandtheavailable dataarelimited.
5.2.2 Recoalescencerateduringhomogenization
The droplet size distribution offreshly made emulsions is often the result of
a balance between droplet break-up and recoalescence during emulsification
(Walstra, 1993). To better understand the superior emulsion forming properties of
the amphiphilic p-casein peptides, the rate of recoalescence during the
homogenization process was determined. In Figure 5.3, the recoalescence of
emulsion droplets is shown as function of the number of passes through the
homogenizer. The initial slope of the curve is a measure of the rate of
recoalescence during homogenization, with a steeper slope indicating a higher
rate.
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Ratio FplFQ as a measure of recoalescence during homogenization of emulsions
with p-casein ( • ) and amphiphilic peptides RET1 ( • ) at pH 6.7 and / = 0.075 M
and a concentration of: a, 1.6 mg.ml"1and b,4 mg.ml'1.

The recoalescence rate of emulsions at a concentration of 1.6 mg.mr1 was
smaller for emulsions made with amphiphilic peptides RET1 than for emulsions
made with p-casein. At a concentration of 4 mg.ml"1,the recoalescence rate was
relatively lowand similar for bothemulsions.The recoalescence rate isexpectedto
decrease to approximately zero, ifthe concentration would be increased further as
wasdemonstrated inChapter4.
The superior stability against recoalescence of emulsions with amphiphilic
peptides at a low concentration may explain the relatively small droplet size of
these emulsions at this concentration. At a higher concentration, the difference in
the droplet size of the peptide and protein stabilized emulsions seemed to be due
to the superior droplet break-up properties of the peptides, since at these
concentrations the recoalescence rates appeared to be similar. The exact causeof
the superior emulsion forming properties of the amphiphilic peptides remains,
however, obscure due to differences in the droplet size and surface excess of
emulsions madewithamphiphilic peptides orintact proteins.
5.2.3 Surface excess
In Figure 5.4, the surface excess of emulsions made with p-casein or
amphiphilic p-casein peptides is shown as a function of the concentration per unit
specific interfacial area. The surface excess of emulsion droplets made with the
amphiphilic peptides RET1 was for all concentrations lower than those of
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emulsions made with intact p-casein. The maximum surface excess was reached
at approximately thesameconcentration per unit interfacial area.At concentrations
below this maximum, the surface excess of emulsions made with amphiphilic
peptides appeared to increase relatively less steeply with concentration. The
relative increase insurface excess was, however, comparable.Thesurface excess
ofemulsion droplets with the amphiphilic peptides RET1 and IEC3 seemed similar,
while the surface excess of emulsions with the peptide fraction IEC2 appeared to
be slightly lower at high concentrations (Figure 5.4b). The data available are,
however,limited.
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Surface excess (r) of emulsion droplets versus concentration over specific
interfacial area (clA), at pH 6.7 and / = 0.075 M with: a, p-casein ( • ) and
amphiphilic peptides RET1 ( • ) ; b, amphiphilic peptides RET1 ( • ) , IEC2 (O), and
IEC3 (•).

Caessens et al. (1999a) determined the surface excess of p-casein and the
amphiphilic p-casein peptides IEC2 and IEC3 adsorbed at hydrophobic Teflon
particles at pH6.7 andan ionic strength of0.020 M.The maximum surface excess
of p-casein adsorbed at these particles was about 3.0 mg.m"2. For both peptide
fractions asurface excesses of2.0 mg.m"2wasfound.These surfaceexcesses are
lower than those found in this research (r = 3.8 mg.m"2 and 2.5 mg.m'2 for
emulsions with p-casein or amphiphilic peptides RET1, respectively), but
qualitatively comparable. The surface excesses of p-casein and a p-casein peptide
(f. 1-93) adsorbed at hydrophobized silica found by Nylander and Wahlgren (1994)
also agreed qualitatively well with our results. Any absolute differences are
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probably due to differences inthe physicochemical conditions, and inthe nature of
the surfaces and interfaces. Especially the ability of the hydrophobic groups of
proteins and peptides to protrude into the oil phase (Walstra and de Roos, 1993)
mayaffect thesurface excessofemulsiondroplets.
The molecular conformation of intact (3-casein adsorbed at oil/water
interfaces has been the focus of many studies. It is generally believed that at an
oil/water interface the hydrophobic C-terminal domain of p-casein forms a dense
layer close tothe interface, whereas the hydrophilic N-terminal domain extends far
into the surrounding aqueous phase forming a brush-like layer (Dalgleish and
Leaver, 1991;Dickinson, 1994;Beek etal., 1996). Partial removal ofthe N-terminal
or C-terminal domain of p-casein will affect the conformation of the resulting
peptides at the oil/water interface. Nylander and Wahlgren (1994) studied the
adsorption of p-casein and an amphiphilic p-casein peptide (f. 1-93) on
hydrophobized silica particles. They postulated that the hydrophobic C-terminal
domain is essential for orienting the hydrophilic N-terminal domain of p-casein.
Removal of a part of this hydrophobic domain would result in a flat and less
protruding conformation of the p-casein peptides at the interface and thereby a
lowersurfaceexcess.
5.3

Emulsionforming properties of hydrophobic peptides

5.3.1 Effectofsolubilityonemulsion formation
The solubility of the hydrophobic peptides PEL1 (f. 106/108/114-209) at pH
6.7 and an ionic strength of 0.075 M was relatively small. At a peptide
concentration of 1.6 mg.ml"1, insoluble particles remained visible in the solution
even after storage for an extended period of time at 4 °C. The removal of the
N-terminal domain of p-casein markedly decreasedthe netelectrostatic chargeand
somewhat increased the hydrophobicity of these peptides (Table 5.2). This most
likely resulted inincreased intermolecular interactions, hencedecreased solubility.
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Table 5.2

The estimated net charge and hydrophobicity of p-casein and hydrophobic p-casein
peptides at pH 6.7.

Fraction
p-casein
hydrophobic
peptides
PEL1
f. 106-209
f. 108-209
f. 114-209

Charged
residues (mol%)

Net charge

Hydrophobic
residues (mol%)

24

-13.0

30

19
18
16

0
-1.5
-1.5

34
34
34

The emulsions prepared with the hydrophobic peptide solutions containing
undissolved particles were strongly aggregated and immediately separated into a
curd-like cream and a clear aqueous solution.This aggregation was probably due
to bridging flocculation by undissolved peptide particles. The size of the single
emulsion droplets was relatively large and almost all of the peptides present were
adsorbed at the droplet interface, yielding a high surface excess. For example,for
a peptide concentration of 10mg.ml"1adroplet sizeof2.5 urnandasurface excess
of 16 mg.m"2was found.The emulsions were stable against coalescence during a
oneweek period,probably duetothe highsurface excess ofthedroplets.
The formation of emulsions with the poorly soluble hydrophobic peptides
was highly irreproducible and appeared to be rather governed by the properties of
the undissolved particles, likesize and number, than bythe molecular properties of
the peptides. The discussion of the emulsifying properties of the hydrophobic
peptides will therefore be limited to the emulsifying properties at conditions were
these peptideswerefully soluble,i.e. atpH9.0.
5.3.2 Dropletsize
The average droplet sizes of emulsions made with hydrophobic peptides or
intact p-casein at pH 9.0 were found to be similar and at high concentrations
smaller than those of emulsions made with intact p-casein at pH 6.7 (Figure 5.5).
Asdiscussed inChapter 4,the improvedemulsion forming properties of p-casein at
pH9.0 might beduetothe absence ofp-casein micelles atthis pH(NikiandArima,
1969). The minimum droplet size of emulsions made with hydrophobic peptides
was 0.89 u,m, which is larger than those of emulsions made with amphiphilic
peptides (c/32=0.69 urn)orwith p-lactoglobulin(c/32 =0.82 um)at pH6.7.
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20
c (mg.ml"1)

Figure 5.5

Volume-surface average droplet size (d32) of emulsions asfunction of concentration
(c) with hydrophobic peptides PEL1 ( • ) at pH 9.0, and intact p-casein at pH 6.7
(D) and pH9 . 0 ( 0 ) ; / = 0.075M.

Fp/Fo

Figure 5.6
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Ratio Fp/F0 as a measure of recoalescence during homogenization of emulsions
with 1.6 mg.ml"1 hydrophobic peptides PEL1 ( • ) at pH 9.0, and intact p-casein at
pH 6.7 ( • ) and pH 9.0 (O); /=0.075 M.
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5.3.3 Recoalescence rateduring homogenization
The rate of recoalescence during homogenization of emulsions made with
hydrophobic peptides PEL1 or intact p-casein is shown in Figure 5.6. The initial
slope of the ratio Fp/F0 as function of the number of passes through the
homogenizer was at pH 9.0 steeper for emulsions with hydrophobic peptides than
for emulsions with intact p-casein. The relatively poor stability against
recoalescence of emulsions made with the hydrophobic peptides may explain their
relatively largedroplet sizeatalowpeptideconcentration.
The recoalescence rate of emulsions made with hydrophobic peptides was
comparable to those of emulsions made with p-casein at pH 6.7. Considering the
relatively small droplet size of the emulsions with p-casein at the latter pH, these
results suggest that the droplet break-up properties of hydrophobic peptides were
inferior compared to those of intact p-casein at pH 6.7. At high concentrations, the
droplet size of emulsions with hydrophobic peptides was found to be smaller than
those of emulsions with p-casein at pH 6.7, suggesting the opposite. The
recoalescence rate was, however, not determined at high peptide concentrations
duetothe limitedamount ofpeptidesavailable.
5.3.4 Surface excess
r

(mg.rrf2)
4-

•
a
•

3-

"

0

f •
2•

1-

010

15
clA (mg.m"2)

Figure 5.7

Surface excess (r) of emulsion droplets versus concentration over specific
interracial area (c/A) with: hydrophobic peptides PEL1 ( • ) at pH 9.0, and intact
p-casein at pH 6.7 ( • ) and pH 9.0 (O); /=0.075 M.
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As shown in Figure 5.7, the surface excess of emulsion droplets made with
the hydrophobic peptides PEL1 or with intact p-casein was at pH 9.0 found to be
similar. The surface excess of emulsion droplets with p-casein was higher at pH
6.7 than at pH 9.0. Caessens et al. (1999a) found similar results for the surface
excess of p-casein and hydrophobic p-casein peptides adsorbed at hydrophobic
Teflon particles. At pH 9.0, the surface excesses of the particles with the
hydrophobic peptides PEL1 and p-casein appeared to be 2.7 mg.m"2, which was
also lower than the surface excess of p-casein adsorbed at these particles at pH
6.7. The relatively low surface excess at pH 9.0 was likely to be due to the high
electrostatic charge of p-casein at this pH, resulting in a relatively strong inter and
intramolecular repulsion betweentheadsorbed molecules.
The surface excess of emulsions with the hydrophobic peptides PEL1 was
relatively highcompared tothoseofemulsions withthe amphiphilic peptides RET1.
To establish whether the high surface excess was due to multilayer formation, the
effect ofwashing ofthe emulsions onthe surface excesswasdetermined.Towash
theemulsions,theemulsion dropletswere separatedfrom thecontinuous phaseby
centrifugation.The resulting creamwas removedand redispersed in buffer solution
and the same procedure was repeated. The surface excess was determined after
eachwashing stepand isshown inTable 5.3.The surface excess ofthe emulsions
madewiththe peptides PEL1wasfoundto belowerafter eachwashing procedure.
Table 5.3

Surface excess (r) of emulsion droplets made with 8 mg.ml"1 hydrophobic (PEL1)
or amphiphilic (RET1) peptides after washing with buffer solution (pH 9.0 and 6.7,
respectively; /=0.075 M).

r

(mg.m'2

Number of
washing steps

Hydrophobic peptides
(PEL1,pH9.0)

Amphiphilic peptides
(RET1,pH6.7)

0
1
2

3.2
2.8
2.5

2.0
1.7
oil separation

The adsorption of proteins at interfaces in a monolayer is often considered
to be virtually irreversible. Due to the high affinity of proteins for interfaces,
desorption only occurs if the protein concentration in the bulk is extremely low.
When in that case desorption occurs, the desorption rate is usually very low and
only very few molecules need to desorb to establish a new equilibrium (Walstra,
1996). Proteins adsorbed at the interface in multilayers are usually much more
readily desorbed. Decreasing the bulk concentration leads in most cases to
removal of the multilayers (Walstra and de Roos, 1993). It can, therefore, not be
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ruled out that the decreasing surface excess of emulsions with hydrophobic
peptides uponwashing isduetodesorption ofpeptide multilayers.
The surface excess of emulsions made with the amphiphilic peptides RET1
is relatively low and multilayer adsorption appears to be unlikely. The surface
excess ofthese emulsions alsodecreased after washing (Table 5.2). After washing
the emulsions twice, the surface excess was even too low for stabilizing the
droplets against coalescence, resulting in oil separation. The decrease in surface
excesswas inthis case mostlikelydueto peptidedesorption.
The formation of multilayers at the oil/water interface of emulsions made
with hydrophobic peptides was further studied by preparing and analyzing these
emulsions at 4 CC. At this temperature, the hydrophobic interactions between the
peptides are minimal, making multilayer adsorption less likely. The results are
shown inTable 5.4.
Table 5.4

Average size (d32) and surface excess (r) of emulsion droplets made with
hydrophobic peptides PEL1 (c = 8 mg.ml'1) prepared at different temperatures (T)
and at pH 9.0 and /=0.075 M.

T("C)

d32 (Mm)

r (mg.rrH

4
22

1.20
0.89

2.9
3.2

The droplet size and surface excess were both affected by preparing the
emulsions at a low temperature. The relatively large droplet sizewas probably due
to the relatively high viscosity of the oil phase at 4 °C. The relatively low surface
excess of the emulsion prepared at 4 °C might be an indication of some multilayer
formation. The difference is, however, small and extensive multilayer adsorption
appears to beunlikely.
MacRitchie (1981; 1985) showed that for air/water interfaces the desorption
rate of proteins is governed by molar mass and physicochemical conditions. The
desorption rateof proteins increased withdecreasing molar massand isminimalat
a pH near the isoelectric pHof proteins due to a minimal electrostatic repulsion. In
Chapter 4 was shown, that the adsorption of (3-casein at emulsion droplets was
practically irreversible. The more reversible adsorption of (3-casein peptides might
be due to their relatively small molar mass. The relatively high electrostatic charge
of the amphiphilic peptides may have increased their susceptibility for desorption
fromtheoil/water interface evenfurther.
Generally it can be concluded that despite the more reversible adsorption,
the emulsion forming properties of the hydrophobic peptides and intact p-casein
were very similar. The similar surface excesses indicate that the hydrophobic
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peptides form, like p-casein, a densely packed layer at the oil/water interface,
suggesting that the surface excess is primarily determined by the flexible,
hydrophobic region of the p-casein molecules. The contribution of the N-terminal
domain to the surface excess of emulsions made with intact p-casein, therefore,
appears to be small. However, it should be kept in mind that for emulsions with
hydrophobic peptides, the molar concentration of peptides adsorbed at the
oil/water interface isapproximately twicethe molar concentration of p-casein atthe
interface. The conformation of the peptides adsorbed at the oil/water interface
mighttherefore bevery different fromthoseofthe intactprotein.
5.4

Effect of physicochemical conditions on emulsion forming properties
ofp-casein peptides

5.4.1 Emulsionsmadewithamphiphilicpeptides
The functional properties of proteins and peptides are affected by inter and
intramolecular interactions, which in turn are influenced by physicochemical
conditions, like pHand ionic strength.The effect of the physicochemical conditions
on the emulsion forming properties of p-casein peptides was studied for a limited
pHand ionicstrength range.
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Properties of emulsions with amphiphilic peptides RET1 at pH 6.7 and / = 0.075 M
( • ) or /= 0.150 M (D), and at pH 9.0 and / = 0.075 M (O): a, average droplet size
(cf32);b, surface excess (r).
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The properties of emulsions made with the amphiphilic peptides RET1 at
varying pH and ionic strength are shown in Figure 5.8. At a pH between 4.0 and
5.5, the amphiphilic and also the hydrophobic peptides did not fully dissolve and
emulsions with properties similar to those made with hydrophobic peptides at pH
6.7 were formed. The properties of these emulsions will, therefore, not be
discussed further.
The droplet size of emulsions made with amphiphilic peptides increased
slightlywith increasing ionicstrength andtheemulsions were slightly aggregated.It
was shown in Chapter 4, that generally the droplet size of aggregated emulsions
was found to be relatively large.These large droplets may at least partly bedueto
a high recoalescence rate during homogenization of these aggregated emulsions.
Droplet aggregation appeared to be caused by a decrease in the solubility of
proteins and peptides,even ifthisdecrease isonamolecularlevel.
The surface excess of emulsions madewith amphiphilic peptides at an ionic
strength of 0.150 M was high and no maximum was found in the concentration
range studied.The apparent absence of a maximum and the high surface excess
indicate the formation of multilayers at the oil/water interface. The aggregation of
these emulsions and the multilayer adsorption of these peptides are likely to be
due to changes in the molecular interactions. At a high ionic strength, the
electrostatic charges of proteins and peptides are more shielded, leading to
decreased inter and intramolecular repulsions and thus to increased hydrophobic
interactions and probably decreased solubility.
The droplet size of emulsions made with amphiphilic peptides at pH 9.0
appeared to be larger than those made at pH 6.7, while the surface excess
appeared to be unaffected by pH.The emulsions were not aggregated. Increasing
the charge of the already highly charged amphiphilic peptides seemed to have,
therefore,only aslight effect ontheformation ofemulsions.
5.4.2 Emulsionsmadewithhydrophobicp-caseinpeptides
The average droplet size of emulsions made with the hydrophobic peptides
PEL1 at pH 9.0 was not affected by changing the ionic strength from 0.075 M to
0.150 M (Figure 5.9). It is noteworthy that, regardless of the unaffected droplet
size, the emulsion droplets were aggregated and had a relatively high surface
excess at the high ionic strength.Asimilar, but smaller increase in surface excess
was found for emulsions made with intact p-casein at the same physicochemical
conditions (Chapter 4). At the high ionic strength, the charge of the peptides was
most likely more shielded allowing either adenser peptide packing or the formation
of peptide multilayers attheoil/water interface, resulting inahigher surfaceexcess.
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Properties of emulsions with hydrophobic peptides PEL1 at pH 9.0 and /= 0.075 M
( • ) or /=0.150 M( • ) : a,average droplet size (cfe); b, surface excess (I").

5.5

Conclusions

The emulsion forming properties of the studied peptides of p-casein were
significantly affected bytheir molecular properties. Some of the properties found to
affect the peptide functionality were: charge, amphiphilicity, solubility,
hydrophobicity, and molar mass.
The amphiphilic peptides formed emulsions with a smaller droplet size than
intact p-casein. The surface excess of emulsion droplets with these peptides was
relatively low due to their high electrostatic charge. Increasing the ionic strength
decreased the electrostatic repulsion, resulting in droplet aggregation and an
increased surface excess oftheemulsion droplets.
The emulsion forming properties of the hydrophobic peptides were strongly
related to their solubility. Under physicochemical conditions where their solubility
was low, the emulsion forming properties of the hydrophobic peptides were poor.
Whenthe peptideswerecompletely soluble,their emulsionforming properties were
comparable to those of intact p-casein at similar conditions. The relatively high
surface excess of emulsions with hydrophobic peptides appears to be mainly due
to hydrophobic C-terminaldomainof p-casein.
Ingeneral,the emulsion forming properties ofthe p-casein peptides studied
appeared to be somewhat better or comparable to those of intact proteins if their
solubility is high. The peptides were, however, much more readily desorbed form
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the droplet interface than intact proteins,whichwas probably duetotheir relatively
low molar mass.
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Coalescence stability of emulsions made with
proteins and peptides

Abstract
The emulsion stabilizing properties of proteins and peptides with respect to
coalescence were studied under quiescent conditions. The coalescence stability of
emulsions made with proteins was high even at low protein concentrations. At the
conditions studied (pH 6.7 and an ionic strength of 0.075 M), the coalescence
stability appeared to be mainly determined by the surface excess of the emulsion
droplets.
Emulsions made with p-casein peptides were less stable against
coalescence than emulsions made with intact proteins, probably due to the
relatively low molar mass of the peptides. The coalescence stability of emulsions
made with peptides appeared to be mainly governed by electrostatic and steric
interactions.The N-terminaldomainoftheamphiphilic p-casein peptides wasfound
to be of great importance for stabilizing emulsions against coalescence. The
relatively high coalescence stability of emulsions made with hydrophobic peptides
appeared mainly to be due to the high surface excess of the droplets. The
contribution of the electrostatic and steric interactions was further studied by
determining the effect of changes in pH and ionic strength on the coalescence
stability.
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6.1

Introduction

Food emulsions often needto be stable for a long period of time, say more
than one year. During this time only minor stability defects are acceptable. The
most important types of instability that may occur infood emulsions with a liquid oil
phase are: creaming, aggregation, and coalescence (Walstra and de Roos, 1993).
Creaming or sedimentation of emulsions occurs due to a density difference
betweenthe disperse and continuous phase.The creaming stability ofemulsions is
determined by the droplet size distribution, and hence the emulsion formation.
Larger droplets cream more rapidly, while creaming of very small droplets is
hampered by Brownian motion andweak convection currents. Generally, it isfound
that food emulsions with droplets smaller than one micron are stable with respect
tocreaming (Walstra, 1996).
The aggregation of emulsions is mostly determined by the properties of the
proteinsand peptides,stabilizing thedroplets. Emulsion aggregation usually occurs
if these proteins and peptides also have atendency to form aggregates in solution
(Walstra andde Roos, 1993).
Coalescence occurs when the thin film between two droplets ruptures and
the droplets join to form one single, large droplet. Coalescence is an irreversible
processand leadseventually tothe complete break-down ofanemulsion,makingit
an important type of instability. Usually, coalescence follows first order kinetics,
indicating that the coalescence rate determining step is the rate at which the film
between droplets is ruptured (van denTempel, 1957).The likeliness offilm rupture
increaseswith increasing sizeand lifetime ofthefilm, thuswhen emulsion droplets
are relatively largeorwhendroplets areaggregated orcreamed (Walstra,1996).
Literature data onthe coalescence stability of emulsions made with proteins
and peptides is very limited. It is generally found that the rate of coalescence of
protein stabilized emulsions is very low as long as the droplet size is sufficiently
small and the surface excess is sufficiently high, and when the droplets are not
aggregated or creamed (Walstra and de Roos, 1993). To accelerate coalescence,
centrifuge test are often used or some form of shearing is applied. These tests
often induce coalescence, which would not occur under quiescent storage
conditions. The results of these studies are, therefore, difficult to correlate to the
coalescence stability of emulsions stored under practical conditions (Dickinson,
1992;Walstra, 1996).
To obtain a better understanding of the emulsion stabilizing properties of
proteins and peptides, the coalescence stability of emulsions was studied in
relation to the molecular properties of the proteins and peptides used. An other
type of emulsion instability, aggregation, has been discussed in previous chapters.
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The coalescence stability was determined by measurement of the change in
droplet size during storage of emulsions at ambient temperature and under
quiescent conditions. The studied proteins and peptides were chosen for their
widely varying molecular properties. Their molecular and emulsion forming
properties have beendescribed inChapters4and5.
6.2

Coalescence stability ofemulsions madewith proteins

The emulsion stabilizing properties with respect to coalescence were
studied for the proteins: p-casein, p-lactoglobulin, a-lactalbumin, lysozyme, and
ovalbumin.Sometypical results areshown inFigure 6.1.
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10-

7.5

c =0.4 mg.ml"1

r

r-^
c =0.8 mg.mr1

,r^
c = 1.6 mg.ml"1

2.5

- i j - * — * — * — * -

0

Figure 6.1

2

4

6

8
t (days)

Volume-surface average droplet size (of32) of emulsions made with p-casein ( • ) or
(5-lactoglobulin( • ) asfunction of storage time (f); allat pH6.7 and /=0.075 M.

The coalescence stability of emulsions made with the studied proteins
appeared to besimilar.At aconcentration of 1.6 mg.ml"1and higher, the emulsions
were stable against coalescence. At lower concentrations, some coalescence was
found to occur shortly after emulsion formation. After storage for one or two days,
the coalescence stability appeared to increase and hardly any change in droplet
sizecould bedetermined.
These resultsappear todisagreewiththefilm rupturetheory, which predicts
an increasing coalescence rate with increasing film size, hence increasing droplet
size (Dickinson, 1992;Walstra, 1996). The increased coalescence stability during
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storage might be due to time-dependent intermolecular interactions between
proteins adsorbed at emulsion droplets, increasing the strength ofthefilm between
droplets (Dickinson and Williams, 1994). Dickinson et al. (1988a) showed for
example that the coalescence stability of individual oil droplets in contact with a
planar oil/water interface increased if the interface was aged. The improved
coalescence stability of emulsions made with globular proteins, especially those
made with p-lactoglobulin or ovalbumin, may be due to the formation of a protein
network. For emulsions made with (3-casein, the formation of such a network is,
however, unlikely.
The stability of emulsions may also increase due to an increase in the
droplet surface excess as a result of coalescence (Oortwijn and Walstra, 1979).
Dickinson et al.(1988a)observed an increased coalescence stability of oil droplets
with a low surface excess at a planar interface with increasing protein
concentration. A higher surface excess would increase the steric and electrostatic
repulsion between droplets, hence increasethefilmthicknessandfilm stability.
At a concentration of 1.6 mg.ml"1, the surface excess of protein stabilized
emulsions was found to be approximately 1.3 mg.m"2 for most of the proteins
studied (Chapter 4). Apparently, this surface excess is sufficiently high for
stabilizing the droplets against coalescence. At lower protein concentrations, the
surface excess was notdetermined duetothe inaccuracy ofthe method. However,
suppose that the emulsion droplet size during emulsification equals the minimum
achievable droplet size for a certain protein, i.e. the droplet size isfully determined
by the homogenizing conditions. For an emulsion made with p-lactoglobulin, the
minimum droplet size is approximately 0.8 (xm. If in an emulsion made with 0.8
mg.ml'1,all proteinwould beadsorbed atthedroplets,the surface excess would be
0.5 mg.m"2. This surface excess is, apparently, too low for stabilizing the droplets
against (re)coalescence, resulting in a rapid increase in droplet size and surface
excess. It is however, remarkable that the droplet size ofthe emulsions after afew
days of storage (c/32 ~ 5 urn) is much larger than the droplet size required for
obtaining a plateau surface excess (r = 1.8 mg.m"2 and cfo» 2 |xm).The cause of
thisdiscrepancy is unclear.
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6.3

Coalescence stability of emulsions made with amphiphilic B-casein
peptides

6.3.1 Peptidefraction RET1
The fraction RET1 (f. 1/29-105/107) consists of amphiphilic peptides
originatingfromthe N-terminaldomain of p-casein (Caessens et al., 1997a).These
peptides have a charged, hydrophilic head and a hydrophobic tail, and compared
to intact p-casein good emulsion forming properties. The coalescence stability of
emulsions made with these peptides as indicated by the change in emulsion
dropletsizeduring storage isshown inFigure6.2.

8

Figure 6.2

10
f (days)

Volume-surface average droplet size (d32) of emulsions prepared with amphiphilic
p-casein peptides RET1 (f. 1/29-105/107) as function of time (f). Concentration (c):
1.6mg.ml"1( • ) , 4 mg.ml"1( • ) , and 8 mg.ml"1(O); all at pH 6.7 and /=0.075 M.

The coalescence stability of emulsions made with amphiphilic p-casein
peptides increased with increasing peptide concentration, but even at a
concentration of 8 mg.ml"1some coalescence occurred.The emulsions made with
these peptides were obviously less stable against coalescence than those made
with intact proteins.Thisagreeswellwith literature data,where often poor emulsion
stabilizing properties of peptides compared to those of intact proteins are reported
(Agboola and Dalgleish, 1996;Caessens, 1997a;Agboolaetal., 1998).
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Similar to proteinstabilized emulsions,the coalescence stability appearedto
be time-dependent, especially at low peptide concentrations. The droplet size of
emulsions with a peptide concentration of 1.6 mg.ml"1 increased rapidly during the
firstfew daysafter emulsification.After this period,the coalescence rate decreased
and became roughly comparable to the coalescence rate of emulsions with higher
peptide concentrations. A similar time-dependence was found by Agboola et al.
(1998)for emulsions stabilizedwith hydrolyzed whey proteins.
As discussed before, the decrease in coalescence rate was likely to be
caused byan increase insurface excess duetoadecreasing interfacial area ofthe
emulsions. In Table 6.1, the estimated surface excess of emulsion droplets during
storage isshown.The surface excess asfunction oftimewas calculated assuming
negligible peptide desorption due to coalescence and might, therefore, be
somewhat overestimated.
Table 6.1

Estimated surface excess of emulsion droplets made with the amphiphilic peptides
RET1 during storage under quiescent conditions.
Surface excess (mg.m"2)
Concentration

1.6 mg.ml"1

4 mg.ml"1

8 mg.ml"1

Storage time (days)

0

0.9

2

1.5

10

2.1

1.6

2.0

2.1

2.4

The surface excess measured directly after emulsion formation was higher
for a higher peptide concentration. After 2 days of storage, the estimated surface
excess ofan emulsion with a peptide concentration of 1.6mg.ml"1was comparable
tothe initialsurface excessoftheemulsion madewith aconcentration of4mg.ml"1,
while the coalescence stability ofthe latter emulsion appeared to be higher. Similar
results were obtained at longer storage times and at higher concentrations,
suggesting that the coalescence stability was not directly related to the surface
excess. The droplets of the emulsions with the low peptide concentration were,
however, larger,which possibly explainsthe lower coalescence stability.
The emulsions made with 1.6 mg.ml"1 amphiphilic peptides were visibly
creamed after two days of storage. The emulsions with higher peptide
concentrations showed nodiscernible creaming within the experimental time-scale.
The creaming of the emulsions appeared to have little effect on the coalescence
stability, since the coalescence rate decreased rather than increased in time. This
conclusion isalso reachedwhen comparing the Laplace pressure andthe pressure
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exerted by the buoyancy force on the creamed droplets. The buoyancy pressure
actingonadroplet onthetopofacreamed layer isgiven by(Walstra, 1996)
^gnrf^Mpi^Pe)
a
nd2

(61)

where pB and FB are the buoyancy pressure and force, respectively, and h the
height of the creamed layer. For an emulsion with a droplet size of 2 u.m, an
interfacial tension of 15 mN.m'1 and a creamed layer of 5 mm, the Laplace
pressure (4 y/d) and buoyancy pressure equal 30 kPa and 4 Pa, respectively,
showing that the pressure exerted onthe creamed droplets is negligible compared
tothe Laplace pressure ofthedroplets.
When the emulsion properties of intact p-casein and the amphiphilic
peptides are compared, the importance of distinguishing between the emulsion
forming and stabilizing properties of proteins and peptides is obvious. The
emulsion forming properties of the amphiphilic peptides were superior to those of
intact p-casein, while the emulsion stabilizing properties of the peptides with
respect to coalescence were clearly inferior. The major difference inthe molecular
properties of intact p-casein and the amphiphilic peptides RET1 is the molar mass
and the size of the hydrophobic C-terminal tail. The effect of these properties on
theemulsion stabilitywill bediscussed later.
6.3.2 PeptidefractionsIEC2andIEC3
The amphiphilic p-casein peptides RET1 were further fractionated, yielding
the fractions IEC2 and IEC3. The fractions IEC2 (f. 29-105/107) and IEC3 (f. 1105/107) consist of amphiphilic peptides with a small and a large electrostatically
charged, hydrophilic head, respectively. The coalescence stability of emulsions
madewiththesefractions isshown in Figure6.3.
The emulsion forming properties of the peptide fractions were comparable
as is indicated by the similar droplet sizes directly after emulsification. The
emulsion stabilizing properties with respect tocoalescence appeared to increase in
the order of IEC2, RET1,and IEC3. The coalescence stability of emulsions made
withthe peptides IEC2was relatively poorat low peptide concentrations and during
the first day after emulsion formation. The emulsions made with the peptides IEC3
were relatively stable with respect to coalescence, especially at a high
concentration where nochange indroplet sizecould bedetected.These resultsare
generally in agreement with the preliminary results of Caessens et al. (1999b) on
thecoalescence stability ofemulsionswith similar peptidefractions.
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6

Figure 6.3
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Volume-surface average droplet size (d32) of emulsions made with the amphiphilic
p-casein peptides RET1 (f. 1/29-105/107) ( • ) , IEC2 (f. 29-105/107) ( • ) , and IEC3
(f. 1-105/107) (O) asfunction oftime (f). Concentration: a, 1.6 mg.ml"1; b,4 mg.ml"1;
c, 8 mg.ml"1;allat pH6.7 and /=0.075 M.

Coalescence stability of emulsions with proteins and peptides

As shown in Chapter 5, the surface excesses of emulsions with RET1 and
IEC3weresimilar,whilethesurface excess ofemulsions with IEC2appearedtobe
somewhat lower. The relatively low surface excess of the latter emulsions might
explain their inferior coalescence stability. Thedifference incoalescence stabilityof
emulsions made with RET1 and IEC3 can, however, not be explained by
differences in the surface excess. Apparently, some other peptide properties are
alsoofimportanceforthe coalescence stability oftheemulsions.
The main differences betweenthe molecular properties ofthe peptides IEC2
and IEC3 are the electrostatic charge,the number of phosphoseryl-groups present
(1 and 5, respectively), and the size of the hydrophilic head (Table 6.2). Several
studies haveshownthat the hydrophilic N-terminaldomain of p-casein adsorbed at
oil/water interfaces forms a tail, that protrudes far into the aqueous phase
(Dalgleish and Leaver, 1991;Dickinson, 1994; Beek et al., 1996). It appears to be
likely, that especially the peptides IEC3 will adopt a similar conformation at the
oil/water interface to minimize the electrostatic and steric repulsion exerted by the
voluminous and charged groups of the N-terminal, particularly when the surface
excess isrelatively high.
Table 6.2

Percentage of charged and hydrophobic residues and estimated net charge of
p-casein and p-casein peptides atpH6.7.

Fraction
p-casein
amphiphilic peptides RET1
IEC2: f. 29-105
f. 29-107
IEC3: f. 1-105
f. 1-107
hydrophobic
peptides
PEL1
f. 106-209
f. 108-209
f. 114-209

Charged
residues (mol%)

Net charge

Hydrophobic
residues (mol%)

24

-13.0

30

25
27
32
34

-4.0
-2.5
-13.0
-11.5

26
25
27
26

19
18
16

0
-1.5
-1.5

34
34
34

The thickness of the adsorbed (3-casein layer decreases when the
phosphoseryl-groups of p-casein are removed (Dalgleish, 1990; Leaver andHome,
1993; Husband et al., 1997). Emulsions madewith dephosphorylated p-casein are,
moreover, less stable against coalescence than emulsions made with intact
p-casein, suggesting that the N-terminal tail isof importance for stabilizing droplets
(Husband et al., 1997). Nylander and Wahlgren (1994) showed that peptides of
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p-casein adopt a less extended conformation adsorbed at silica particles if the
C-terminal end is removed. From the peptides IEC2, the C-terminal as well as a
partofthe N-terminalendwere removed.Itappears to be likelythat these peptides
will, therefore, have a relatively flat conformation at the oil/water interface due to
decreased intra and intermolecular electrostatic and steric repulsions. This seems
to be confirmed bythe relatively low surface excess of emulsions madewith these
peptides. The low electrostatic and steric repulsion allows the formation of a
relatively thin film between approaching droplets, increasing the possibility of
coalescence.Apparently, the charged N-terminal domain isan important molecular
property for stabilizing emulsions droplets against coalescence. The relatively poor
emulsion stabilizing properties of the peptides IEC2 may be due to the partial
removalofthisdomain.
The stabilizing properties of peptides are, besides the N-terminal domain,
likely to be determined by other molecular properties as well. The molecular
properties of the peptides IEC3 are with the exception of the molar mass very
similar to those of intact p-casein. It therefore appears likely that the decreased
stability of emulsions made with p-casein peptides was mainly due to the
decreased molar mass.
In general, the molecular properties of peptides seemed to be much more
important for the stability of emulsions than those of intact proteins as indicated by
the difference inthe emulsion stabilizing properties ofthe peptides IEC2 and IEC3.
Apparently, the molecular properties become much more critical when the molar
mass isrelatively low.
Finally, it should be noted that the amphiphilic peptides RET1, IEC2, and
IEC3contained smalltraces of hydrophobic impurities. Removal ofthese impurities
seemed to improve the coalescence stability of emulsions made with these
peptides. The differences in the coalescence rate, however, appeared to be
relatively the same (Caessens et al., 1999b). Itistherefore expected that, although
the coalescence rate might have been somewhat overestimated, the general
trendsfound inthis study arevalid.
6.4

Coalescence stability of emulsions made with hydrophobic p-casein
peptides

The coalescence stability of emulsions made with the hydrophobic p-casein
peptides PEL1 (f. 106/108/114-209) at pH 9.0 appeared to be relatively high
compared to those of emulsions made with amphiphilic peptides, but somewhat
lower than those of emulsions made with intact p-casein (Figure 6.4). At a peptide
concentration of 1.6 mg.ml"1,where the surface excess of the droplets is similar to
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those of emulsions made with intact p-casein, some coalescence occurred. At
higher concentrations, the emulsions were stable against coalescence over the
experimental time-scale, even when the surface excess of the droplets was below
the maximumlevel.

Figure6.4

Volume-surface averagedropletsize(d32)ofemulsionspreparedwithhydrophobic
p-casein peptides PEL1(f. 106/108/114-209)asfunctionoftime (f).Concentration:
1.6 mg.ml"1(•), 4mg.ml"1(•), and8mg.ml"1(O);allatpH9.0and/=0.075M.

The relatively poor coalescence stability at a low peptide concentration was
likely to be due to the relatively low molar mass of the hydrophobic peptides. The
relatively high coalescence stability ofemulsions madewith a higher concentration
ofthese peptides appeared to becaused bysteric interactions duetothe relatively
high surface excess of the droplets. It is however likely that electrostatic
interactions also have contributed to the coalescence stability of the emulsions,
since the peptides will have a significant charge at a high pH. To study the
importance of the electrostatic and steric interactions in more detail, the effect of
changes inpHand ionicstrength onthecoalescence stabilityweredetermined.
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6.5

Effect of physicochemical conditions on coalescence stability of
emulsions madewith (5-caseinpeptides

6.5.1 Emulsionsmadewithamphiphilicpeptides
The emulsion stabilizing properties of the amphiphilic peptides RET1
appeared to be markedly affected by changes in the electrostatic interactions
between the emulsion droplets (Figure 6.5). Increasing the ionic strength from
0.075 M to 0.150 M decreased the coalescence stability of the emulsions,
especially at a low peptide concentration. The coalescence stability of emulsions
with amphiphilic peptides improved if the pH had been increased from pH 6.7 to
9.0,whereby the netchargeofthe peptides wasincreased.
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Figure 6.5
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Volume-surface average droplet size (d32) of emulsions as function of time (t) made
with: a, 1.6 mg.ml"1; b, 4 mg.ml"1 amphiphilic peptides RET1 (f. 1/29-105/107).
Physicochemical conditions: pH 6.7 and / = 0.075 M ( • ) , pH 6.7 and / = 0.150 M
(D), and pH 9.0 and /=0.075 M (O).

At an ionicstrengthof0.150M,theemulsionswerefound to beaggregated.
Increasing the ionic strength results indecreased electrostatic repulsions due toan
increased shielding of peptide charges, hence in decreased inter and
intramolecular electrostatic repulsions.As a result, emulsions are often aggregated
atahigh ionicstrength,especially whenthe surface excess islow (Dalgleish,1990;
Brooksbank etal., 1993).
If the electrostatic repulsion is relatively low, the conformation of the
peptides adsorbed at the emulsion droplets is likely to be less extended and more
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flat. Measurements ofthe thickness of a layer of p-casein adsorbed at polystyrene
latex particles showed that the layer thickness decreased with an increasing ionic
strength (Dalgleish, 1990; Brooksbank et al., 1993). The repulsion distance
between approaching droplets will, therefore, be smaller, resulting in a lower
coalescence stability. ApHincreasefrom 6.7 to9.0 hasanopposite effect. Thenet
chargeofthe peptides increaseswiththe increasing pH,resulting in increased inter
andintramolecular repulsions, henceanincreasedcoalescence stability.
6.5.2 Emulsionsmadewithhydrophobicpeptides
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Figure 6.6
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Volume-surface average droplet size (af32)of emulsions as function of time (f) made
with: a, 1.6 mg.ml"1; b, 4 mg.ml"1 hydrophobic peptides PEL1 (f. 106/108/114-209).
Physicochemicalconditions: /=0.075 M( • ) , and /=0.150 M ( • ) ; allat pH9.0.

The effect of the ionic strength on the coalescence stability of emulsions
made with hydrophobic peptides PEL1 is shown in Figure 6.6. The ionic strength
did not significantly effect the coalescence stability of emulsions made with
hydrophobic peptides during the experimental time-scale. Increasing the ionic
strength resulted inaggregatedemulsion droplets andanincreasedsurface excess
(Chapter 5). The thick layer of adsorbed peptides provided apparently enough
steric repulsion to stabilize the droplets against coalescence despite of their
aggregatedstate.
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6.6

Conclusions

The coalescence stability ofemulsions madewith proteins was high evenat
low protein concentrations. Under the conditions studied,the molecular properties
ofthe proteins appeared to have nosignificant effect onthe emulsion stability. The
main parameter affecting the coalescence stability seemed to be the surface
excess oftheemulsiondroplets.
The emulsion stabilizing properties of the peptides of p-casein were inferior
to those of the intact proteins, which was probably due to their low molar mass.
Their stabilizing properties appeared to be strongly dependent on the molecular
properties of the peptides. The coalescence stability appeared to be mainly
determined by the strength of the electrostatic and steric repulsion exerted
between the emulsion droplets, hence the peptide charge, the thickness of the
peptide layeradsorbed atthedroplet interface andthe physicochemical conditions.
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Chapter 7

7.1

Introduction

In the previous chapters, the emulsion forming and stabilizing properties of
selected proteins and peptides have been described. These proteins and peptides
were selected for their well-known and varying molecular properties. p-Casein isa
flexible, random coil protein with a highly charged N-terminal head and a
hydrophobic C-terminal tail. (3-Lactoglobulin is a globular protein with a relatively
stable conformation and a tendency for intermolecular association. a-Lactalbumin
andlysozymeareglobular proteinswithpredominantly similar molecular structures,
but with varying electrostatic charges and conformational stabilities. Ovalbumin,
finally, isarelatively large,globular moleculewithalowconformational stability and
ispronetoaggregation uponunfolding.
The studied peptides were fractionated and purified hydrolyzates of
p-casein. The peptide fraction RET1 (f. 1/29-105/107) consisted of amphiphilic
peptides originating from the N-terminal domain of p-casein. This fraction was
further purified to obtainthe fractions IEC2 (f. 29-105/107) and IEC3 (f. 1-105/107)
with a small and large charged head, respectively. Also, the emulsion forming and
stabilizing properties of the fraction PEL1 (f. 106/108/114-209) consisting of
predominantly hydrophobic peptides originating from the C-terminal domain of
p-casein werestudied.
In literature, many studies concerned with the emulsion forming and
stabilizing properties of proteins and peptides have been reported. The relation
between the molecular and emulsion properties of proteins and peptides remains,
however, largely obscure,which is at least partly due to many of the results being
contradictory. Reasons for these contradictions are the use of poorly defined
protein and peptide mixtures and of inadequate experimental methods.
Interpretation of the structure-function relation is also hampered by the often poor
distinction of the different processes occurring during emulsion formation and
stabilization.
The aim of this thesis was to elucidate the relation between the formation
andstability ofemulsions andthe molecular properties of proteins and peptides.To
achieve this objective, the emulsion forming and stabilizing properties of selected
proteins and peptides were studied under varying physicochemical conditions. In
this chapter, the main results are summarized and the relation between the
molecular andemulsion properties ofproteins and peptides isdiscussed.
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7.2

High-pressure homogenizers

The emulsion forming properties of proteins and peptides were studied
using a small laboratory high-pressure homogenizer. Large-scale experiments
were hampered due to the use of expensive and scarce proteins and peptides.To
ascertain that the structure-function relations found with small-scale experiments
were applicable to the practically more relevant large-scale industrial processes,
the mechanism of emulsion formation in a laboratory and a small industrial highpressure homogenizer wasstudied.
During emulsion formation, droplets are deformed and broken up,
surfactants adsorb at the droplet interface, and droplets collide and possibly
recoalesce (Walstra, 1993). The mechanism and time-scales of these processes
are governed by the hydrodynamic conditions prevalent inside the homogenizer
valve. The flow regime in the industrial homogenizer was determined to be
turbulent (Chapter 3). In the laboratory homogenizer, the flow was found to be
laminar due to the limited dimensions of the valve and droplet break-up appeared
to occur via the mechanism proposed by Kiefer (1977) for break-up in a bounded
laminarflow.
Comparison of the droplet size, surface excess and recoalescence rate of
emulsions madewith sodium caseinate orwhey proteins ineither the laboratory or
industrial homogenizer showed that the different flow conditions appeared to have
little effect on the emulsion properties if the number of passes through the
homogenizer was sufficiently high. The operating efficiency of the laboratory
homogenizer was found to be inferior to that of the industrial homogenizer. To
obtain a steady droplet size distribution, only a few passes through the industrial
homogenizer were required. Emulsions prepared with the laboratory homogenizer
using only one or two passes had a very wide droplet size distribution and were
insufficiently stableagainstcreaming.
To compensate the poor operating efficiency ofthe laboratory homogenizer,
the emulsions were, in contrast to common industrial processes, prepared using a
large number of passes through the homogenizer (typically about 30).As shown in
Figure 7.1, the number of passes has, however, little influence on the relative
difference in the emulsion forming properties of proteins and peptides. The
recoalescence rate also appeared to be unaffected by the number of passes used
for the preparation of the pre-emulsions (Chapter 4). It is therefore expected that
the conclusions obtained in this study using laboratory scale experiments are also
applicableto larger scale,industrial processes.
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Average droplet size (d43) asfunction of the number of passes through a laboratory
homogenizer for emulsions made with: a, 4 mg.ml"1 p-casein ( • ) or amphiphilic
p-casein peptides RET1 ( • ) ; b, 16mg.ml"1 p-casein ( • ) or ovalbumin ( • ) ; allat pH
6.7 and/ =0.075 M.

7.3

Emulsionforming properties ofproteins and peptides

7.3.1 Dropletsizeandrecoalescence rateofaggregatedemulsions
An overview of the emulsion forming properties of proteins and peptides at
pH 6.7 and an ionic strength of 0.075 M is given in Table 7.1.The recoalescence
rate is calculated from the initial slope of the ratio Fp/F0versus the number of
passes through the homogenizer, -d (Fp/F0)/ d passes.With the method used,the
actual rate of recoalescence (Weco) can only be determined during the first few
passes through the homogenizer. After these first passes, the oil in the emulsion
droplets will be partly mixed and the change in the composition of the oil of the
recoalescing droplets will be smaller, thus yielding an apparently lower
recoalescence rate.
To obtain a better understanding of the functionality of proteins and
peptides, a distinction has to be made between aggregated and non-aggregated
emulsions. Itwasgenerally found thatthe droplet sizeof and recoalescence rate in
emulsionsthat showedaggregationwere relatively largecomparedtothose ofnonaggregating emulsions. The droplet size of aggregated emulsions was determined
after deflocculation with SDS. The absence of aggregates was confirmed by
microscopic analysis. Examples of aggregated emulsions are those made with
lysozymeandovalbumin.
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Table 7.1

Overview ofthe emulsion forming properties of proteins and peptides at pH6.7 and
/ = 0.075 M. Indicated are the plateau droplet size (d32,Piat) and surface excess
(rpiat), the recoalescence rate (vK
presence of aggregates.

Protein or peptide
p-casein

Vreco (passes"1)

032,plal ( H m )

1.05/0.91

0) at a concentration

a

0.06 /0.03

a

of c = 1.6 mg.ml", and the

rpiat (mg.m"2)
3.77/3.07

3

aggregates
no

p-lactoglobulin

0.79

0.06

1.86

no

a-lactalbumin
lysozyme
ovalbumin
RET1 (f. 1/29-105/1 07)
PEL1 (f. 106/108/114-209f

0.88

0.06

multilayers

no

1.18
1.37
0.69
0.89

0.09
0.04b
0.03
0.06

1.93
multilayers
2.51
3.25

yes
yes
no
no

a
b

Measured at pH9.0.
Measured at c = 12mg ml'1.

The relatively high recoalescence rate of aggregating emulsions may at
least partly explain the relatively large droplet size of these emulsions. It remains
uncertain why aggregating emulsions are less stable against recoalescence. One
cause may be the relatively small distance separating aggregated emulsion
droplets. However, droplet aggregates would most likely readily be disrupted by
hydrodynamicforceswhile passingthe homogenizervalve.Anotherfactor affecting
the recoalescence rate may be proteinaggregation. Protein aggregation decreases
the effective protein concentration and may thus result in a relatively high
recoalescence rate. Generally, emulsions are found to be aggregated if the
proteins insolutionalsotendtoaggregate (Walstraandde Roos,1993).
Apart from a low recoalescence stability, the relatively large droplet size of
aggregated emulsions would likely also be due to a limited ability of proteins to
facilitate droplet break-up. The inferior break-up properties may, like the inferior
recoalescence stability, be due to a relatively small effective protein concentration.
Consider for example emulsions made with 12 mg.ml"1 p-lactoglobulin at pH 5.6
and pH6.7 with droplet sizesof 1.4u.m and0.8 urn,respectively (Chapter 4). Ifthe
rate of droplet break-up would have been similar for both emulsions, the emulsion
made at pH 5.6 should have been completely recoalesced after a single pass
through the homogenizer (vreCo of order 1 passes"1) to agree with an increase in
droplet size from 0.8 to 1.4 urn. The recoalescence rate at pH 5.6 was, however,
foundto be0.06 passes"1.
The aggregation of proteins, and subsequently of emulsion droplets may be
caused by covalent and non-covalent intermolecular interactions. Proteins may be
linked by covalent bonds if free thiol-groups are present. p-Lactoglobulin and
ovalbumin contain one buried thiol-group (Papiz et al., 1986) and four buried thiol107
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groups (Nisbet et al., 1981), respectively. For a reaction to occur, the thiol-group
needs to be exposed. The formation of covalently linked aggregates is therefore
governed by the conformational stability of proteins. Ovalbumin has a low
conformational stability and readily denatures when adsorbed at interfaces, making
the protein prone to aggregation (Osuga and Feeney, 1977; Pearce and Kinsella,
1978; Kitabatake and Doi, 1987). The susceptibility of ovalbumin to aggregation
probably explains its relatively poor emulsion forming properties. p-Lactoglobulin
has a relatively high conformational stability. Adsorbed at an oil/water interface,
B-lactoglobulin slowly unfolds and polymers linked by disulfide-bridges are
graduallyformed (time-scale typically secondstilldays) (Dickinson andMatsumura,
1991). Polymerization will most likely be negligible during emulsion formation,
explaining thegoodemulsion forming properties of p-lactoglobulin.
The aggregation of emulsion droplets due to protein aggregation via noncovalent interactions is less readily predicted from the molecular properties of
proteins than those due to protein aggregation via covalent interactions. Some
proteins are known to associate in solution. For example, both lysozyme and
p-lactoglobulin have a tendency to form dimers at neutral pH (Townend et al.,
1960a; McKenzie and Sawyer, 1967; Deonier and Williams, 1970). Emulsions
made with p-lactoglobulin were, however, aggregate free, while emulsions made
with lysozyme were found to beaggregated. p-Casein forms micelles in solution at
neutral pH and room temperature (Arima et al, 1979). The presence of these
micelles appears to have little effect onthe emulsion forming properties of p-casein
(Dickinson, 1989). However, the slightly improved emulsion forming properties of
p-casein at pH 9.0 (Chapter 4) may have been due to the absence of micelles at
this pH (Niki and Arima, 1969). The emulsion forming properties of a-lactalbumin
are also noteworthy. At high concentrations, a-lactalbumin formed multilayers at
the emulsion droplets (Chapter 4). The multilayer adsorption was probably due to
the tendency of a-lactalbumin to form aggregates upon surface denaturation via
hydrophobic interactions (Segawa and Sugai, 1983). The association of
a-lactalbumin did,however, notinduceaggregation ofemulsiondroplets.
The aggregation of emulsions was generally stronger if the electrostatic
interactions between proteins or peptides were smaller. The electrostatic
interactions are governed by pH and ionic strength. Near their isoelectric pH,
proteins have little charge and are generally prone to aggregation, resulting in
relatively poor emulsion properties. See for example, the poor emulsion forming
properties of p-casein, p-lactoglobulin and a-lactalbumin near their isoelectric pH
(Chapter 4). The charge of proteins and peptides increases at a pHaway from the
isoelectric pH, often resulting in improved emulsion forming properties. For
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example,the hydrophobic p-casein peptides PEL1 (f. 106/108/114-209) possessed
good emulsion forming properties if the pH, hence the peptide charge, was
sufficiently high (Chapter5).
An increase in ionic strength results in decreased electrostatic interactions
between proteins, possibly resulting in protein and droplet aggregation. The
susceptibility of proteins for changes in ionic strength depends on the type of
protein. For example emulsions made with p-casein appeared to be less sensitive
toan increase inionicstrength from 0.075 Mto 0.150 Mthan emulsions madewith
p-lactoglobulin.
The aggregation of emulsions may depend on protein concentration. For
example,the droplet size of emulsions madewith p-lactoglobulin was similar atpH
6.7 and pH 9.0 if the concentration was sufficiently high (Chapter 4). At a low
protein concentration, the droplets of emulsions made at pH 9.0 were aggregated
and relatively large compared tothose ofthe non-aggregated emulsions at pH6.7.
Emulsion aggregation at low protein concentrations may be due to bridging during
homogenization (Ogdenet al., 1976).
Emulsion aggregation is also affected by the size of protein aggregates. It
was shown that the emulsion forming properties of p-lactoglobulin were poor after
heat denaturation (Chapter 4). The emulsion forming properties appeared to
decrease with increasing concentration at which the proteins were denatured.
During heat denaturation of p-lactoglobulin, aggregates are formed. The size of
these aggregates depends on protein concentration and physicochemical
conditions during heating (Sawyer et al., 1971;Saito and Taira, 1987; Boye etal.,
1996).At a higher concentration, larger aggregates areformed resulting ina lower
effective protein concentration and most likely in more bridging flocculation. Heat
denaturation of proteins appeared to have little effect onthe emulsion properties,if
protein aggregation was absent. See for example, the effect of heat denaturation
ontheemulsionforming properties ofa-lactalbumin(Chapter4).
7.3.2 Dropletsizeandrecoalescence rateofnon-aggregatedemulsions
Proteins and peptides appeared to have good emulsion forming properties
as long as intermolecular associations were limited. In these cases, the
recoalescence stability of emulsions made with the selected proteins appeared to
be rather similar and only small differences in the droplet sizes could be
determined (Table 7.1). These variations inthe droplet sizes were, hence, likely to
beduetodifferences intheabilities ofproteins tofacilitate droplet break-up.
The recoalescence rates of emulsions made with the p-casein peptides
RET1 and PEL1 were found to be lower and higher, respectively, than those of
emulsions made with intact p-casein. The superior recoalescence stability of
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emulsions made with amphiphilic peptides RET1 may explain the relatively small
droplet size of these emulsions. Considering the difference in droplet size of
emulsions made with the peptides RET1 and intact (3-casein, it appears likely that
the peptides also possessed superior droplet break-up properties. The break-up
properties of the hydrophobic peptides PEL1 seemed to be superior to those of
p-casein aswell:thedroplet sizeofemulsions madewiththese peptides wasfound
to be comparable to those of emulsions made with intact p-casein, despite of the
inferior recoalescence stabilizing properties of these peptides. The improved
droplet forming properties of p-casein peptides may have been due to their
relatively smallmolar mass.
To elucidate the cause of the differences in emulsion forming properties of
proteins and peptides, a basic understanding ofthe processes governing emulsion
formation is required. During emulsification, droplets are deformed and possibly
broken up. This process is opposed by the Laplace pressure of the droplets
(Chapter 1). Proteins and peptides adsorbed at a droplet interface lower the
interfacial tension, hence the Laplace pressure, making droplet break-up more
easy. The equilibrium interfacial tension of a fully covered oil/water interface is
approximately similar for most proteins and peptides due to steric interactions
between adsorbed polypeptide segments (Walstra and Smulders, 1998). Droplet
break-up is, however, a dynamic process of a very short time-scale and is
governed bythe dynamic interfacial tension of the oil/water interface. The dynamic
or effective interfacial tension during droplet deformation is likely to be more
dependent on the molecular properties of proteins and peptides, explaining the
differences intheir droplet break-up properties.
The effective interfacial tension is governed by the surface excess of the
emulsion droplets during deformation. During deformation, the droplet interface is
expanded, resulting in a decreased surface excess. Proteins and peptides will
adsorb at the newly created interface. Nevertheless the surface excess will most
likely be lower, and hence the interfacial tension higher during deformation than
under equilibrium conditions.
Another factor governing the effective interfacial tension is the conformation
of the adsorbed proteins and peptides. The time-scale of the droplet deformation
process is too short (typically order of ^s) to allow substantial conformational
changes of the adsorbed proteins (order of minutes). As a result, the interactions
between proteins and peptides and the droplet interface are not optimal, resulting
inarelatively high interfacialtension.
The extent of droplet deformation and hence the increase in interfacial
tension depends on the Theological properties of the interface. During droplet
deformation, liquid will flow along the droplet interface dragging along adsorbed
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proteins and peptides, resulting in an interfacial tension gradient. This gradient
enhances the resistance against further interfacial deformation. Once the flow of
liquid along the droplet interface has stopped, the interfacial tension gradient will
disappear, dragging along liquid bordering the interface. This is the so-called
Marangoni effect. The magnitude ofthe interfacial gradient andthusthe Marangoni
effect isgoverned bythesurface dilational modulus.Thesurface dilational modulus
relates the change in interfacial tension to the change in interfacial area during
dropletdeformation and isgiven by (Lucassen-Reynders and Kuijpers, 1992).

E - =

^dtfd|nr

{7A)

2 2

(l+2^+2^ f
C =d r t > / 2 » ) *
dr

(7-2)

dlna
co =

(7.6)

dt
whereyisthe interfacialtension,r the surface excess, mthe molar concentration,
D the diffusion coefficient of the proteins, co a characteristic time-scale, a the
interfacial area,and tthetime.Attheconditions prevalent duringemulsification,the
surface dilational modulus is mainly determined by the numerator in Equation7.1,
yielding (Walstra andSmulders, 1998)

E

»-2r

(74)

According to Janssen et al. (1994), a dilatational resistance to droplet deformation
can be expressed in an effective interfacial tension prevalent during deformation,
approximately givenby
Y e f f =y +f)E sd

(7.5)

where b is a constant. According to theory, b should equal unity, but for near
equilibrium conditions and simple shear flow, a value of about 0.23 was observed
(Janssen et al., 1994).
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Another process occurring during emulsification, is the close encounter of
emulsion droplets, possibly followed by "recoalescence". The mechanism
stabilizing droplets against recoalescence is still little understood. However,
colloidal interactions appear to have little effect onthe recoalescence stability. The
colloidal repulsion between droplets with adsorbed proteins and peptides is most
likely a few orders of magnitude smaller than the force acting on colliding droplets
(Walstra and Smulders, 1998). This hypothesis was confirmed by Taisne et al.
(1996). They showed that the coalescence stability of emulsions made with SDS
decreased if the electrostatic repulsion was decreased by an increase in ionic
strength.The initialemulsion dropletsize,hence recoalescence ratewas, however,
unaffected bythe increase inionicstrength.
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Surface pressure (n) as function of surface excess (T) of p-lactoglobulin adsorbed
at an air/water surface and p-casein and lysozyme at an oil/water interface. Data
taken from Mitchell et al. (1970) and Graham and Phillips (1979b).

The recoalescence stability of emulsion droplets is likely to be governed by
the dilational rheological properties of the oil/water interface (Walstra and
Smulders, 1998). Ifdroplets collide,liquid isforcedoutofthefilm betweendroplets,
resulting in an interfacial tension gradient. This gradient will slow down and
possibly stoptheflow of liquid leavingthefilm, hence slow downthethinning ofthe
film between approaching droplets. Once the thinning of the film has stopped, the
interfacial tension gradientwilltendtodisappear. Thegradient will partly disappear
due to adsorption of proteins and peptides at the interface. These surfactants will,
however, become soon depleted from the thin film between the droplets. The
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disappearance of the remaining gradient induces a flow of liquid into the film and
as a result the droplets are driven apart. This effect is the so-called GibbsMarangoni effect. The magnitude ofthiseffect andthedecrease oftheflimthinning
rate are determined by the surface dilational modulus (Walstra and Smulders,
1998).
The surface dilational modulus thus appears to be an important property
governing emulsion formation. Under equilibrium conditions, this modulus may be
calculatedfromtheslope ofthe surface pressure (n =yo -y)versus surface excess
curve. Examples of some of these curves are given in Figure 7.2. The surface
dilational moduli shown in Table 7.2 were calculated from the slope of these
curves. Since the surface excess during emulsification is unknown, the surface
excess ofthedroplets underequilibrium conditionswas usedforthecalculations.
Table 7.2

Droplet size (d32), surface excess (r), recoalescence rate (vreco), and calculated
surface dilational modulus (£sd) of emulsions made with different proteins; all at pH
6.7 and/ =0.075 M.

Protein

c (mg.ml"1)

d32 (|im)

r (mg.m"2)

vreco (passes 1 )

p-casein

1.6

1.11

1.30

0.06

6

p-lactoglobulin

4.0
1.6

1.05
0.92

3.00
1.24

0.005
0.06

37
29

4.0
1.6
4.0

0.79
1.68
1.18

1.86
1.75
1.93

0.005
0.09
0.04

25
6
4

lysozyme

&>d

(mN.m1)

According to the results in Table 7.2, there appears to be no clear relation
between the surface dilational modulus, droplet size and recoalescence rate of
emulsions made with proteins. The surface dilational modulus was, however,
calculated from data obtained under equilibrium conditions and, in the case of
p-lactoglobulin, at an air/water interface. The conformation of adsorbed proteins
and peptides is, moreover, dependent on the rate and time-scale of the interfacial
deformation, making the surface dilational modulus time-dependent (Walstra and
de Roos,1993).
Unfortunately, little is known about the surface dilational modulus during
emulsification. It may well be that under dynamic conditions, the relation between
surface pressure andsurface excess iscompletely different from the curves shown
in Figure 7.2. For a similar surface excess, the surface pressure is likely to be
substantially smaller during droplet deformation than at static conditions and is
probably relatedtotheconformational stability of proteins and peptides. Elucidating
the relation betweentheemulsion forming and molecular properties of proteins and
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peptides will, however, be complicated as long as the interfacial properties at the
very shorttime-scales prevalent duringemulsificationareunknown.
7.3.3 Surfaceexcessofemulsion droplets
The plateau surface excess of emulsion droplets made with globular
proteins is typically about 2 mg.m"2, while the surface excess of emulsions made
with random coil proteins and peptides tends to be somewhat higher (Table 7.1).
The plateau surface excess was usually reached at a higher concentration than is
requiredforobtainingaconstantdropletsize(Figure 7.3). Thisdifferencewasmost
likely due to differences in the time-scales of the various processes during
emulsification which affects the dependence on protein concentration. Calculations
ofthese time-scales are, however, hampered duetothe lack oftheories describing
thetime-scales prevalent inaboundedtypeoflaminarflow.

r

(mg.m2)
-4

20
c (mg/ml)

Figure 7.3

C32

(nm)
1.5

20
c (mg/mi;

Volume-surface average droplet size (d32, • ) and surface excess (!",•) of
emulsions madewith:a, p-casein; b, p-lactoglobulin;allat pH6.7 and 0.075 M.

The affinity of proteins for the interface of emulsion droplets appeared to be
relatively low. It was shown (Chapter 4), that compared to a planar interface, a
relatively high protein concentration was required to obtain a significant surface
excess atemulsion droplets. Ingeneral,the surface excess of emulsions appeared
to be affected bythe molar mass of individual proteins and peptides. For example,
the relatively low surface excess of emulsions made with p-casein peptides
compared to those of emulsions made with intact p-casein, was probably due to
the relatively small molar mass of the peptides. In the presence of protein
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aggregates, the surface excess was generally found to be high. See for example
the high surface excess of emulsions made heat-denatured p-lactoglobulin
(Chapter 4). These high surface excesses may have been due to multilayer
adsorption. In these cases, the plateau surface excess was usually less welldefined. Proteins adsorbed in a multilayer may be linked non-covalently or
covalently, as observed for a-lactalbumin and heat-denatured p-lactoglobulin,
respectively.
The conformation and conformational stability of proteins and peptides
appear to be an important factor determining the surface excess of emulsion
droplets. Globular proteins, like p-lactoglobulin form a relatively thin and dense
adsorbed layer (Dalgleish and Leaver, 1991;Atkinson et al., 1995), resulting in a
relatively low surface excess. A flexible protein, like p-casein may form a thick,
brush-like adsorbed layer with protein parts extending far into the aqueous phase
(Dalgleish and Leaver, 1991;Dickinson et al., 1993; Beek et al., 1996), yielding a
relatively high surface excess. The surface excess of emulsions made with the
flexible,random coil peptides ofp-casein wasalsofoundto berelatively high.
The surface excess of emulsion droplets was also found to be affected by
protein and peptide charge. A high electrostatic charge may hamper a close
packing at the droplet interface, resulting in a relatively low surface excess. The
surface excess of emulsions made with p-casein was, for example, found to be
lower if the pH was further away from the isoelectric pH. The surface excess of
emulsions made with the amphiphilic peptides RET1 was, probably due to their
high charge,foundto be lower than thoseof emulsions madewith the hydrophobic
peptides PELL If the electrostatic interactions were reduced,for example at a pH
near the isoelectric pH of proteins, or more shielded due to a high ionic strength,
usually a relatively high monolayer surface excess or multilayer adsorption was
found (Chapter4).
7.4

Coalescence stability ofemulsions madewith proteins and peptides

Emulsion destabilization may occur in several forms. One of the most
important types of instability is droplet coalescence, since coalescence will
eventually result in a complete separation of an emulsion into an oil and a water
phase. Droplet coalescence occurs whenthefilm separating droplets ruptures and
isgoverned bythethickness and lifespan ofthefilm. Emulsion droplets are mainly
stabilized against coalescence by the steric and electrostatic repulsion acting
between adsorbedsurfactants (Walstra, 1996).
Emulsions madewith proteins appeared to havea highcoalescence stability
if the surface excess of the droplets was sufficiently high (Chapter 6). The
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stabilizing properties of p-casein peptides with respect to coalescence appeared to
be inferior to those of intact proteins. The surface excess of emulsions stabilized
with peptides was found to be higher than those of emulsions made with globular
proteins. This would suggest that the layer of peptides adsorbed at the droplet
interface should be sufficient to stabilize droplets against coalescence. It was
however shown inChapter 5that p-casein peptideswere readily desorbedfromthe
droplet interface upon washing of the emulsions. This decreased affinity of
peptides for the oil/water interface is likely due to their relatively low molar mass
(Walstra and de Roos, 1993) and may explain the inferior coalescence stability of
emulsions made with peptides. The inferior stability of emulsions made with
p-casein peptides may also bedue to their highly flexible conformation,which may
makedesorptionfrom aninterface moreeasy.
The molar mass of some of the p-casein peptides is only slightly smaller
than those of intact a-lactalbumin and lysozyme. This appears to indicate that the
molar mass is only critical below a certain value. It is noteworthy that the surface
excess of emulsions made with a-lactalbumin was also found to decrease upon
emulsion washing (Chapter 4). This decrease was attributed to the desorption of
a-lactalbumin multilayers and appeared not to be related to its relatively small
molar mass. Multilayer adsorption of a-lactalbumin appeared likely, since no real
plateausurface excess could bedetermined.
The coalescence stabilizing properties of the hydrophobic peptides PEL1
were superior to those of the amphiphilic peptides RET1. The surface excess of
emulsions made with hydrophobic peptides was high compared to those of
emulsions made with amphiphilic peptides, which may explain the superior
emulsion stabilizing properties of the hydrophobic peptides. Apparently, the
relatively high hydrophobicity and relatively low charge of the hydrophobic
peptides, allowed the formation of athick adsorbed layer which provided sufficient
steric repulsionto makethedroplets relatively stableagainst coalescence.
The coalescence stability of emulsions made with the amphiphilic peptides
RET1 appeared to begreatly affected byelectrostatic interactions. The importance
of the electrostatic repulsion is demonstrated by the difference in coalescence
stability ofemulsions madewith theamphiphilic peptides IEC2 (f. 29-105/107) and
IEC3 (f. 1-105/107)with a small and large charged, hydrophilic head, respectively.
Theemulsions madewiththe peptides IEC3were more stableagainst coalescence
than those madewith the peptide fraction RET1, which consists of a mixture of the
fractions IEC2 and IEC3. The emulsions made with the peptides IEC2 were least
stable against coalescence. Further evidence showing the effect of electrostatic
interactions on the coalescence stability was obtained by varying pH and ionic
strength. The coalescence stability of emulsions made with amphiphilic peptides
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RET1 was found to decrease with increasing ionic strength and to increase with
increasing peptide charge asaresultofanincreasedpH.
It is noteworthy, that despite their good emulsion forming properties, the
peptides possessed relatively poor emulsion stabilizing properties. These results
clearly demonstrate the fundamental difference between the recoalescence and
coalescence stabilityofemulsions.
7.5

Conclusions

Some general relations between the molecular and emulsion forming and
stabilizing properties of proteins and peptides could be established. The emulsion
forming properties of proteins and peptides appeared to be mainly governed by
their molecular solubility or effective molar mass. The emulsion formation was
generally relatively poor if proteins and peptides hadapoor solubility oratendency
to associate (or aggregate). The solubility or tendency to associate appeared to
depend on hydrophobicity, charge, presence of thiol groups and conformational
stability of proteins and peptides. Predicting the associated state of proteins and
peptides is,however, very difficult.
The differences in the emulsion forming properties of proteins and peptides
in the absence of aggregates are most likely due to differences in the Theological
properties of the oil/water interface during droplet deformation. A thorough
understanding of the emulsion forming properties is hampered due to the lack of
data concerning the properties of proteins and peptides under the circumstances
(veryshorttime scales) prevalent during emulsification.
The surface excess of emulsion droplets was found to be mainly governed
by the conformational stability of and electrostatic interactions between proteins
and peptides. Multilayer adsorption often occurred ifthe proteins and peptides had
atendency toassociate.
The coalescence stability of emulsions appeared to be predominantly
determined by the molar mass of proteins and peptides and by electrostatic and
steric interactions. It appeared that if the molar mass was relatively small, the
importance of steric and electrostatic repulsions for stabilizing droplets against
coalescence isoverriding.
Generally it can be concluded that some of the structure-function relations
governing the emulsion forming and stabilizing properties of proteins and peptides
have been elucidated in this study. The relation between emulsion and molecular
properties is,however, still notcompletely understood. Ifafull understanding ofthe
functionality of proteins and peptides would be required,their molecular properties
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should be known under all circumstances, including those prevalent during
emulsification.
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Roman symbols
Symbol
a
a
A
b
Ceq

Cn

cs
Cf
d
D

<fe
C43

di
dnm
dy

E
Esd

F
FB

F0
Fv
g
G
h
h
h
1
L
L
m
n
N
P
PB
PL

Q
Q
Q*
Qi
Re
Sn
t
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Description
acceleration
interfacial area
specific interfacial area
constant
equilibrium concentration inaqueous phase
relative width ofdroplet size distribution weighed with the nth
momentofthe distribution
relativewidth ofsurface-weighed size distribution
droplet diameter
diameter of homogenizer inletor valve
diffusion coefficient
volume-surface averagedroplet diameter
volume-weighed diameter
diameter of homogenizer valve inlet
average diameter derivedfrom nthover mmmoment
diameter of homogenizer valve
optical density
surface dilational modulus
turbidity according to Rayleigh-Gans
buoyancy force
initial turbidity
turbidity after ppassesthrough a homogenizer
gravitational acceleration
velocity gradient
distance between particles
height orslit width of homogenizer valve
layer height
ionic strength
characteristic length
layer thickness
molar concentration
refractive index
number of droplets per unit volume
homogenization pressure
buoyancy pressure
Laplace pressure
flow rate
light scattering coefficient
effective lightscattering coefficient
average light scattering coefficient corrected for
polydisperse droplet sizes andforward scattering
Reynolds number
n,h moment of particle size distribution
time

Unit
m.s
2
m
m2

m

-

mg.ml"1

m
m
m2

„-1

m .s
m
m
m
m
m

N.m"1

N

m.s
s-1
m
m
m
M
m
m
mol.m"3

-

r1
Pa
Pa
Pa
m3

„-1

m .s

-

m
s

Symbols and abbreviations

Symbol
t
T
V
V
^reco

V,

VA
VB

VM
Wecr
Z

Description
storage time
temperature
velocity
average velocity in homogenizer valve
recoalescence rate
Stokes velocity
van derWaals attraction
electrostatic repulsion
interaction free energy
criticalWeber number
reduced turbidity

-

Description
energy density

Unit
W.m3

interfacial tension

mN.m"1

interfacial tension ofaclean oil/water interface

mN.m'1

effective interfacial tension

mN.m'1

Unit
days
°C
m.s"1
m.s"1
passes"1
m.s"1
J
J
J

Greek symbols
Symbol
s
J
Yo
Yeff

r
n

surface excess

mg.m"2

viscosity

N.s.m'2

9
X

oilvolume fraction

-

wavelength

n

surface pressure

m
mN.m"1

p

density

kg.m"3

P32

spectroturbidimetric size parameter

-

w

time scale

s"1

Abbreviations
Abbreviation
EDTA
IEC
NEM
PEL
RET
SDS
Tween 20

Description
disodiumethylenediamine tetra-acetate
ionexchange chromatography
N-ethylmaleimide
pellet
retentate
sodium dodecyl sulphate
polyoxyethylene sorbitan monolaurate
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Subscripts
Subscript
0
c
CC
d
i
i
P
plat
ST
V
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Description
zero passes througha homogenizer
continuous phase
Coulter counter
disperse phase
in homogenizer valve inlet
size class
number of passes through a homogenizer
plateau
spectroturbidimetric measurement
in homogenizer valve
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Summary
The aim of the study described in this thesis was to establish the relation
between the molecular properties of proteins and peptides and the formation and
stability of emulsions. A better understanding of this relation may result in a more
effective and wide-spread use of proteins and peptides in emulsions. To achieve
this, the emulsion forming and stabilizing properties of proteins and peptides with
well-defined and varying molecular properties were studied at various
physicochemical conditions. Selected were a random coil protein, p-casein, and
four globular proteins with varying conformational stabilities and number of reactive
thiol-groups: p-lactoglobulin, a-lactalbumin, lysozyme, and ovalbumin. The studied
peptides were hydrolyzate fractions of p-casein with either amphiphilic or
hydrophobic properties.
Toestablish the emulsion forming properties ofthese proteins and peptides,
the droplet size, rateof recoalescence during homogenization,and surface excess
were determined as a function of protein concentration, homogenization intensity
and some other variables. Most emulsions were prepared using a small, laboratory
scale high-pressure homogenizer.Toelucidate the effect ofthe experimental scale
on the emulsion properties, the mechanism of the formation of emulsions in a
laboratory and industrial high-pressure homogenizer was studied. The flow in the
valve of the small industrial homogenizer was shown to be turbulent. The flow in
the valve of the laboratory homogenizer appeared to be a bounded laminar flow,
duetothesmalldimensions ofthe homogenizer valve.
The operating efficiency of the laboratory homogenizer was poor compared
to that of the industrial homogenizer. The droplet size and the width of the size
distribution were relatively large for emulsions prepared with one or two passes
through the small homogenizer. If the number of passes was high, the differences
in the droplet size distribution and the recoalescence rate of emulsions made with
either homogenizer were found to be small. Comparison of the emulsion forming
properties of sodium caseinate and whey protein showed that the relative
differences in these properties were similar for emulsion prepared in either
homogenizer. Hence,thescaleofthe homogenizer appearedto have nosignificant
effect on the emulsion forming properties of proteins of peptides under the
experimental conditions ofthis study, allowing scale-up ofthe results obtained with
laboratory experiments to largerscale,industrial processes.
The emulsion forming properties of proteins were generally good as long as
protein aggregation was absent, as was observed for emulsions made with
p-casein, p-lactoglobulin anda-lactalbumin atpH6.7andanionicstrengthof 0.075
M. Under these circumstances, only small differences in the droplet size of
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emulsions could be determined and similar recoalescence rates during
homogenization were found.The surface excess of the emulsions appeared to be
governed by the conformational stability of the proteins. A globular protein like
p-lactoglobulin yielded a relatively low surface excess, while the highly flexible
structure of p-casein allowed the formation of a thick protein layer at the droplet
interface.
When the emulsions were aggregated, generally relatively large droplet
sizes and recoalescence rates were found. The droplet size and recoalescence
rate appeared to be mainly governed by the aggregated state or effective molar
massofthe proteins.The surface excess ofaggregated emulsionswasoftenfound
to be high, presumably due to adsorption of protein aggregates or multilayers. The
tendency for protein aggregation appeared to be determined by such molecular
properties as electrostatic charge, hydrophobicity, conformational stability, and the
presence of thiol-groups. Protein aggregation may be induced by some
physicochemical conditions, and by heat and surface denaturation. The effect of
pHand ionic strength on the emulsion forming properties varied amongst proteins.
However, generally, proteins appeared to have inferior emulsion forming properties
neartheir isoelectricpH.
The emulsion forming properties of the p-casein peptides studied were
found to be comparable or superior tothose of intact proteins iftheir solubility was
high. The droplet size of emulsions made with amphiphilic p-casein peptides (f.
1/29-105/107)was smaller thanthose of emulsions madewith intact proteins. The
surface excess of the emulsion droplets made with peptides was found to be
relatively low, which appeared to be due to their high electrostatic charge
preventing a dense packing of the peptides at the interface. Shielding of these
electrostatic charges by increasing the ionic strength resulted in an increased
surface excessand inaggregation oftheemulsiondroplets.
The emulsion forming properties of the hydrophobic p-casein peptides (f.
106/108-209) were studied at pH 9.0, where the peptides were well soluble. At
physicochemical conditions where the peptide solubility was poor, the emulsion
forming properties were found to be poor. At pH 9.0, the properties of emulsions
madewith hydrophobic peptideswerecomparable tothoseofemulsions madewith
intact p-casein. Thesimilar surface excesses ofthese emulsions appear to indicate
that the C-terminal domain of p-casein is the main factor determining the surface
excess ofthe droplets. The hydrophobic, aswell asthe amphiphilic peptides,were
more readily desorbed from the oil/water interface than intact proteins, probably
duetotheir relatively low molar mass.
Proteins were shown to have good emulsion stabilizing properties with
respect to coalescence as the surface excess was sufficiently high. Emulsions
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made with p-casein peptides were, however, less stable against coalescence,
presumably due to their relatively low molar mass. The coalescence stability of
emulsions made with amphiphilic peptides appeared to be mainly governed by
electrostatic and steric interactions. It was shown that the N-terminal domain of
these peptides was of great importance for the coalescence stability. The
coalescence stability of emulsions made with the hydrophobic p-casein peptides
was relatively high, most likely due to the relatively high surface excess of the
droplets.
Generally, it appeared that an important molecular property governing the
emulsion forming and stabilizing properties of proteins and peptides was their
effective molar mass. The emulsion formation was generally relatively poor if
proteins and peptides had a relatively large effective molar mass and the
coalescence stability of emulsions made with peptides was relatively low due to
their low molar mass. The effective molar mass may in some cases be predicted
from the molecular properties of proteins and peptides. However in many cases,
the relation between the molecular properties andthe aggregated state of proteins
and peptides isobscure.
The differences in the properties of non-aggregating emulsions were most
likely due to differences in the surface dilatational properties of the oil/water
interface during droplet deformation.A thorough understanding of the formation of
emulsions is, however, hampered due to the lack of data on the properties of
proteins and peptides at the extremely short time-scales of the emulsification
processes.
Generally it may be concluded that some of the structure-function relations
governing the emulsion forming and stabilizing properties of proteins and peptides
have been elucidated in this study. However, if a thorough understanding of their
functionality is required, the molecular properties of proteins and peptides should
be known under all relevant circumstances, including those prevalent during
homogenization.
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Vorming enstabiliteitvanemulsiesgemaaktmeteiwitten enpeptiden
Samenvatting
Het doel van het onderzoek dat in dit proefschrift wordt beschreven, is het
verkrijgen van inzicht in de relatie tussen de moleculaire eigenschappen van
eiwitten en peptiden ende vorming en stabilisering van emulsies. Een beter begrip
van deze relatie leidt mogelijk tot een breder eneffectiever gebruik van eiwitten en
peptiden in emulsies. Om meer inzicht te verkrijgen in deze structuur-functie
relatie, is de vorming en stabiliteit van emulsies gemaakt met eiwitten en peptiden
met goed gedefinieerde en uiteenlopende moleculaire eigenschappen onderzocht
bij diverse fysisch-chemische omstandigheden. Geselecteerd waren p-casei'ne,
een flexibel eiwit met nauwelijks enige secondaire structuur en een viertal
globulaire eiwitten met uiteenlopende conformatiestabiliteit en verschillende
aantallen reactieve thiolgroepen, te weten p-lactoglobuline, a-lactalbumine,
lysozym en ovalbumine. De onderzochte peptiden waren hydrolysaten van
(3-caseTnemetsterk amfifieleof hydrofobeeigenschappen.
Deemulsievormendeeigenschappen van deze eiwitten en peptiden werden
onderzocht door de druppelgrootte, de recoalescentiesnelheid tijdens het
homogeniseren en de eiwitbelading van de emulsies als functie van de eiwit
concentratie, homogenisatie intensiteit enenkele anderevariabelente bepalen.De
meeste emulsies zijn gemaakt met een kleinschalige, laboratorium hoge-druk
homogenisator. Om inzicht te verkrijgen in de invloed van de experimentele
schaalgrootte op de emulsie-eigenschappen, is het mechanisme van de vorming
van emulsies met een laboratorium- en een kleine industriele homogenisator
onderzocht. In de industriele homogenisator bleek de stroming in de
homogenisator klep turbulent te zijn. De stroming in de klep van de laboratoriumhomogenisator bleek door de geringe afmetingen, een begrensde laminaire
stromingtezijn.
De laboratorium-homogenisator was aanzienlijk minder effectief in het
vormen van emulsies dan de industriele homogenisator. De druppelgrootte en de
breedte van de druppelgrootteverdeling van emulsies gemaakt met een of twee
passages door de laboratorium-homogenisator waren groot in vergelijking tot die
van emulsies gemaakt met een gelijk aantal passages door de industriele
homogenisator. De verschillen in de emulsie-eigenschappen waren echter klein
wanneer het aantal passages door de laboratorium-homogenisator groot was.
Vergelijking van de emulsievormende eigenschappen van natriumcasefnaat en
wei-eiwit laat zien dat de relatieve verschillen in de emulsie-eigenschappen
onafhankelijk lijken te zijn van de grootte van de homogenisator. De
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homogenisator-grootte heeft dus blijkbaar geen significant effect op de
emulsievormende eigenschappen van eiwitten en peptiden onder de hier
onderzochte experimentele omstandigheden, wat het opschalen van laboratoriumexperimenten naargrootschalige, industriele processen mogelijk maakt.
De emulsievormende eigenschappen van eiwitten waren in het algemeen
goed zo lang de eiwitten niet waren geaggregeerd, wat het geval was voor
emulsies gemaakt met p-case'i'ne, (3-lactoglobuline of a-lactalbumine bij pH 6,7 en
een ionsterkte van 0,075 M. Onder deze omstandigheden werden slechts kleine
verschillen in druppelgrootte gevonden en bleek de recoalescentiesnelheid tijdens
het homogeniseren nagenoeg gelijk te zijn. De eiwitbelading van deze nietgeaggregeerde emulsies leek vooral te worden bepaald door de
conformatiestabiliteit van de eiwitten. Een globulair eiwit als p-lactoglobuline bleek
een relatief lage eiwitbelading te geven,terwijl een flexibel eiwit als p-caseTneeen
dikkegeadsorbeerde laagophetgrensvlak vormt.
Voor geaggregeerde emulsies werden in het algemeen relatief grote
druppels en hoge recoalescentiesnelheden gevonden. De druppelgrootte en de
recoalescentiesnelheid bleken vooral te worden bepaald door de mate van
aggregatie of wel door de effectieve molaire massa van de eiwitten. De
eiwitbelading van geaggregeerde emulsies was in de meeste gevallen hoog,
waarschijnlijk door de adsorptie van eiwitaggregaten of -multilagen. De neiging tot
eiwitaggregatie werd vooral bepaald door moleculaire eigenschappen als
elektrostatische lading, hydrofobiciteit, conformatiestabiliteit en de aanwezigheid
van reactieve thiolgroepen. Mogelijke oorzaken van eiwitaggregatie waren de
fysisch-chemische omstandigheden en hitte- en oppervlaktedenaturatie. Het effect
van de pH en ionsterkte op de emulsievormende eigenschappen varieerde per
eiwit. De emulsievormende eigenschappen van eiwitten waren in het algemeen
relatief slecht nabijdeisoelektrische pHvandeeiwitten.
De emulsievormende eigenschappen van de onderzochte p-caseTnepeptiden waren in het algemeen vergelijkbaar met of superieur aan die van intacte
eiwitten zolang de oplosbaar van de peptiden goed was. De druppelgrootte van
emulsies gemaakt met amfifiele p-caseine-peptiden (f. 1/29-105/107) was kleiner
dandievanemulsiesgemaakt met intacteeiwitten.Debelading vandeze emulsies
was relatief laag, waarschijnlijk door de hoge elektrostatische lading van de
peptiden dieeendichte pakking op hetgrensvlak verhinderen. Hetafschermenvan
de elektrostatische lading door het verhogen van de ionsterkte leidde tot een
toenameindegrensvlakbelading entotaggregatie vandeemulsiedruppels.
De emulsievormende eigenschappen van de hydrofobe peptiden van
p-caseine (f. 106/108-209) zijn onderzocht bij pH 9,0, waarbij deze peptiden
volledig oplosbaar zijn. De emulsievormende eigenschappen van deze peptiden
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bleken matig te zijn onder fysisch-chemische omstandigheden waarbij de
oplosbaarheid gering was. De eigenschappen van de emulsies gemaakt met
hydrofobe peptiden waren bij pH 9,0 vergelijkbaar met die van emulsies gemaakt
met intacte p-caseTne. Het C-terminale domein van p-caseTneleek sterk bepalend
te zijn voor de eiwitbelading, gezien de grote overeenkomsten in de belading van
emulsies gemaakt met hydrofobe peptiden of met intacte p-caseTne. Zowel de
hydrofobe als de amififiele peptiden bleken gemakkelijker te desorberen van het
olie/water grensvlak dan intacte eiwitten. Dit werd waarschijnlijk veroorzaakt door
de relatief lagemolairemassavandepeptiden.
De coalescentiestabiliteit van emulsies gemaakt met eiwitten blijkt
uitstekend te zijn zo lang de eiwitbelading voldoende hoog is. De emulsies
gemaakt met p-caseTne-peptiden waren echter duidelijk minder stabiel tegen
coalescentie, waarschijnlijk door de geringe molaire massa van deze peptiden. De
coalescentiestabiliteit van emulsies gemaakt met amfifiele peptiden bleek
voornamelijk te worden bepaald door elektrostatische en sterische interacties. Het
N-terminaledomeinvandeze peptiden leek eenbelangrijke bijdrage te leveren aan
de stabiliteit van de emulsies tegen coalescentie. De emulsies gemaakt met de
hydrofobe p-casei'ne-peptiden hadden een relatief hoge coalescentiestabiliteit, die
waarschijnlijk wasveroorzaakt doorderelatief hogebeladingvandedruppels.
In het algemeen, leken de emulsievormende en -stabiliserende
eigenschappen van eiwitten en peptiden vooral te worden bepaald door de
effectieve molaire massa. De emulsievorming was in het algemeen matig als de
effectieve molaire massa van de eiwitten en peptiden relatief groot was. De
coalescentiestabiliteit van emulsies gemaakt met peptiden was relatief slecht,
waarschijnlijk door hun lage molaire massa. De effectieve molaire massa kan in
sommige gevallen worden voorspeld aan de hand van de moleculaire
eigenschappen van eiwitten en peptiden. Inde meestegevallen isechter de relatie
tussen de moleculaire eigenschappen en de mate van aggregatie van eiwitten en
peptiden onduidelijk.
De verschillen in de eigenschappen van niet-geaggregeerde emulsies was
waarschijnlijk vooral veroorzaakt door verschillen in de reologische dilatatieeigenschappen van het olie/water grensvlak tijdens het vervormen van de
druppels. Een fundamenteel begrip van de vorming van emulsies wordt echter
gehinderd door een gebrek aan gegevens die gelden bij de zeer korte tijdschalen
vande processendieoptredentijdens hetemulgeren.
Inhet algemeen kanworden geconcludeerd dat indit onderzoek enkelevan
de structuur-functie relaties die bepalend zijn voor de vorming en stabilisering van
emulsies met eiwitten en peptiden zijn opgehelderd. Echter, indien een diepgaand
begrip van de structuur-functie relatie gewenst is, dan dienen de moleculaire
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eigenschappen van eiwitten en peptiden bekend te zijn onder alle relevante
omstandigheden, en met name onder de omstandigheden die optreden tijdens het
homogeniseren.

140

Dankwoord

Dankwoord
Eindelijk is het dan toch gelukt: mijn proefschrift is af! Een proefschrift
schrijven en promoveren doe je echter niet alleen. Daarom wil ik hier een aantal
mensen noemen die door hun bijdrage ervoor hebben gezorgd dat ik gedurende
mijn promotieonderzoekeenerg leerzameen leuketijd hebgehad.
Allereerst mijn promotor PieterWalstra. Pieter,jouw kennis en inzicht ophet
gebied van eiwitten en emulsies is enorm en ik heb jouw begeleiding als zeer
waardevol ervaren.Bedankt voor allediscussies enjouw stimulansensteun bijhet
tot stand komenvandit proefschrift.
Ook wil ik graag de betrokkenen bij het lOP-lndustriele Eiwitten project
noemen. De samenwerking met mijn collega-AIO's Petra Caessens en Arne van
Kalsbeek heeft mijn promotieonderzoek in een breder kader geplaatst en voor mij
aan mijn werk een duidelijke meerwaarde gegeven. Ik heb onze samenwerking en
discussies zeer gewaardeerd. Petra, bedankt voor alle tijd dieje hebt besteed aan
het bereiden van de gezuiverde peptiden. Zonder jouw bijdrage zou dit werk er
heel anders hebben uitgezien. Verder wil ik alle leden van de
begeleidingscommissie van het IOP-IE bedanken voor hun bijdrage aan de
halfjaarlijkse vergaderingen. Inhet bijzonder dank aanJaap deWit en David Clark,
die namens DMVbij het projectwarenbetrokken.
Hugo Stempher wil ik graag bedanken voor zijn technische ondersteuning.
Hugo, je bent een grote hulp geweest bij het oplossen van de met regelmaat
optredende problemenmetdemeetapparatuur.
Anneke Smidt en Marco Benner hebben zich in het kader van hun
afstudeeronderzoek beziggehouden met het ophelderen van de invloed van
eiwitdenaturatie opdeeigenschappen vanemulsies. Hetwas leuken leerzaamom
metjullie samentewerken.
Verder wil ik mijn oud-collega's van de sectie Zuivel en
Levensmiddelennatuurkunde en later ook van de leerstoelgroep Ge'i'ntegreerde
Levensmiddelentechnologie bedanken. Door jullie heb ik altijd met veel plezier in
Wageningen gewerkt. Ook mijn huidige collega's wil ik bedanken voor hun steun
en begripvoorals ikweer eensthuisaan hetschrijvenwas.
Pap en mam, ik wiljullie speciaal op deze plaats bedanken voor alle steun
die jullie mij altijd hebben gegeven. Tenslotte Jacco: bedankt voor je geduld, met
name tijdens de laatste loodjes. Eindelijk hebben we weer de tijd om in de
weekenden envakanties leukedingentegaandoen.
Ine
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IneSmulderswerdop 1maart 1969geborenteTilburg. In1987 behaaldezij
hetVWO-diplomaaan net St. Paulus Lyceum teTilburg. Inhetzelfdejaar begonzij
metdestudie Levensmiddelentechnologieaandetoenmalige Landbouwuniversiteit
(thans Wageningen Universiteit) te Wageningen. Een onderdeel van deze studie
waren een stageperiode aan de Canterbury University te Christchurch, Nieuw
Zeeland en afstudeervakken Proceskunde en Levensmiddelennatuurkunde. Het
doctoraalexamenwerd behaaldop23augustus 1993.
Vanjanuari 1994totjanuari 1998werktzealsassistent inopleiding(AIO)bij
de toenmalige sectie Zuivel en Levensmiddelennatuurkunde, vakgroep
Levensmiddelentechnologie van de Landbouwuniversiteit te Wageningen. Het in
dezeperiode uitgevoerde onderzoek staat beschreven indit proefschrift.
Vanaf april 1998 is zij werkzaam als productontwikkelaar bij Creamy
Creation,onderdeelvan DMV,Campina Melkuniete Rijkevoort.
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