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Impact of Protein Surface Denaturation on Droplet Flocculation
in Hexadecane Oil-in-Water Emulsions Stabilized by
p-Lactoglobulin
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The influence of globular protein denaturation after adsorption to the surface of hydrocarbon droplets
on flocculation in oil-in-water emulsions was examined. n-Hexadecane oil-in-water emulsions (pH
7.0) stabilized by f-lactoglobulin (1-wt % [5-Lg) were prepared by high-pressure valve homogenization.
NaCl (0—150 mM) was added to these emulsions immediately after homogenization, and the evolution
of the mean particle diameter (d) and particle size distribution (PSD) was measured by laser diffraction
during storage at 30 °C for 48 h. No change in d or PSD was observed in the absence of added salt,
which indicated that these emulsions were stable to flocculation. When 150 mM NaCl was added to
emulsions immediately after homogenization, dincreased rapidly during the following few hours until
it reached a plateau value, while the PSD changed from monomodal to bimodal. Addition of
N-ethylmaleimide, a sulfhydryl blocking agent, to the emulsions immediately after homogenization
prevented (at 20 mM NaCl) or appreciably retarded (at 150 mM NacCl) droplet flocculation. These
data suggests that protein unfolding occurred at the droplet interface, which increased the hydrophobic
attraction and disulfide bond formation between droplets. In the absence of added salt, the electrostatic
repulsion between droplets was sufficient to prevent flocculation, but in the presence of sufficient
salt, the attractive interactions dominated, and flocculation occurred.
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INTRODUCTION water interface, an adsorbed globular protein is partly in contact

Whey proteins are finding increasing usage within the food with water and pz_;lrtly in contact with oig}. Thi_s change in .
industry as natural ingredients capable of facilitating the .the moIeguIar environment of the globular protein on adsorption
formation and improving the long-term stability of emulsion- 'S thg major driving force for _surface denaturatidro) The_ .
based food productsl{6). The major proteins in wheys( protein undergoes aconformatu_)r_]al_rearrangement to maximize
lactoglobulin,a-lactoalbumin, and bovine serum albumin) are the number of favorable and minimize the number of unfavor-

amphiphilic molecules that have compact globular structures able molecular interactions. Studies of various globular proteins
in their native state 7-8). These globular proteins rapidly adsorbed to surfaces have shown that these conformational
adsorb to the surface of oil droplets formed during emulsion rearre}ngedmentsl usually take a few hours to be effectively
homogenization, where they facilitate further droplet disruption COMPleted 16-19). _
by lowering the interfacial tension and retard recoalescence A variety of experimental techniques have been used to
within the homogenizer by forming protective membranes Ccharacterize surface denaturation of globular whey proteins and
around the droplet£(3, 9). The ability of proteins to modulate ~ t0 establish the influence of surface denaturation on the
the colloidal interactions between oil droplets also plays an Physicochemical properties of emulsions. Calorimetric studies
important role in determining the long-term stability and have shown that adsorption@flactaloumin ang-lactoglobulin
rheology of oil-in-water emulsion®¢-11). (pH 7) to droplet surfaces in oil-in-water emulsions causes a
A major potential drawback of using globular proteins to pronou_nced change |n_the|r thermal transitions, suggesting an
stabilize oil-in-water emulsions is their tendency to undergo appreciable conformational change in the protelf) (FTIR
conformational changes after adsorption to the droplet surfacesstudies off-Lg (pH 7) adsorbed to the surface of droplets in
(12) because these changes can lead to emulsion instatlity (  Oil-in-water emulsions have shown that there is a slow increase
14). In a bulk aqueous solution, a nonadsorbed globular protein in the amount of disordered secondary structure of the protein
is surrounded predominantly by water molecules, but at an oil ~ With time (18). The extent of this change increased when the
concentration of protein in the emulsions prior to homogeniza-
* Corresponding author. Tek-1-413-545-1019. Fax:+1-413-545-1262. tion was decreased, presumably because there was less protein
E-mail: mcclements@foodsci.umass.edu. available for adsorption to the interface so that there was more
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room for conformational changes. Front-surface fluorescence
studies off3-Lg and BSA adsorbed to oil droplets have also
indicated that globular proteins undergo slow conformational
changes with time after homogenizatidé{-21). Other experi-
ments suggest that surface denaturation leads to exposure of
reactive amino acid residues originally located in the hydro-
phobic interior of the native protein, e.g., nonpolar groups or
sulfur containing groupsl@, 22). Exposure of nonpolar groups
leads to increased hydrophobic interactions between surface-
denatured protein molecule$d), whereas exposure of sulfur
containing groups leads to disulfide bond formation or disulfide
interchange reaction4?, 23). Surface denaturation of globular 0 10 20 30 40 50
proteins after adsorption retards desorption kinetics), (thus Time (hrs)
decreasing the exchange of adsorbed proteins with free proteingigure 1. Mean particle diameter (dzs) of 5-wt % n-hexadecane oil-in-
or small molecule surfactants in the surrounding aqueous phaseyater emulsions (0.5 wt % BSA, pH 7.0) stored at 30 °C as a function
(12, 24). of time after homogenization.

An increased propensity for protetprotein interactions to
occur in protein-stabilized emulsions has been shown to plended using a high-speed blender for 2 min (Model 33BL79, Warring
influence the physicochemical properties of the interfacial Inc., New Hartford, CT) and then passed through a high-pressure valve
membranes surrounding the droplets and of the emulsion as ahomogenizer five times at 7500 psi (Rannie High Pressure, APV-Gaulin,
whole. An increase in interfacial dilational modulus has been Model Mini-Lab 8.30H, Wilmington, MA). The pH of this emulsion
observed after globular proteins adsorb to a planarwiter was gdjusted to 7.0 using HCI solution (p_H Meter 320, Corning Inc.,
interface, which has been attributed to increased hydrophobiccom'ng' NY). The emulsions were then diluted with phosphate buffer

L . . . . (5 mM, pH 7) containing NaCl and/or NEM to obtain emulsions with
and disulfide interactions between neighboring proteins adsorbeda final composition of 5 wt % hexadecane, 2.5 mM phosphate buffer,

.to the [nterface 25, 26). Altergtlons n the rheo!ogy of the. 0—200 mM NaCl, and 64.4 mM NEM. The emulsions were then
interfacial membrane surrounding the oil droplets in an emulsion g4 in a temperature controlled water bath aP@Owith constant

may have a pronounced influence on the bulk physiochemical swirling and samples were selected periodically for analysis.
properties of an emulsion, e.g., stability and rheology26— Particle Size Determination. The particle size distribution of the
28). An increase in droplet flocculation has been observed in emulsions was measured using a laser diffraction instrument (LA900,
oil-in-water emulsions stabilized by globular proteins after Horiba Inc, CA). This instrument measures the angular dependence of
homogenization, which has been attributed to increased interac-he intensity of light scattered from a stirred dilute emulsion and then
tions between surface-denatured proteins adsorbed on differentndicates the particle size distribution that gives the closest fit between
emulsion dropletsl4, 22). Droplet flocculation is undesirable theoretical calculations and experimental measurements. A refractive

in many food emulsions because it leads to an increase inlnde.x ratio of1:08 was used in the partlcle S|ze.calcu|a.t|ons. To.av0|d
. . . . multiple scattering effects, the emulsions were diluted with pH adjusted
creaming and emulsion viscosity, 29).

. . ) distilled water (pH 7) prior to making the measurements. The emulsions
In this study, we examine the influence of aqueous phaseyere stirred continuously throughout the measurements to ensure the
composition (NaCl, NEM, protein) on the flocculation stability  samples were homogeneous. Dilution and stirring may have partially
of n-hexadecane droplets stabilized Bylactoglobulin. This  disrupted weakly flocculated droplets, although it is unlikely that they
protein was used as a model globular protein because itswill have disrupted any strongly flocculated droplets. The theory used
molecular structure and functional properties are well estab- to calculate the particle size distribution assumes that the particles are
lished. The overall objective of this study was to obtain further spherical and homogeneous, and therefore the data obtained on

insight into the factors that determine the long-term stability of emulsions that contained flocs should be treated with caution because
globular protein stabilized emulsions. they are nonspherical and nonhomogeneous. Particle size measurements

are reported as either full particle size distributions or as weight-average
mean diametersls (==nd¥=nid, wheren; is the number of particles

cum)

W
!

-+0mM
-# 150 mM

Mealg) Diameter (

—
I

(=}

T T T T

MATERIALS AND METHODS with diameterd;). Mean particle diameters were calculated as the
Materials. Analytical-grade sodium chloride (NaCl), hydrochloric ~ @verage and standard deviation of measurements made on at least two

acid (HCI), sodium hydroxide (NaOH), sodium azide (NBNN- freshly prepared samples. _ _

ethylmaleimide (NEM), 2-mercaptoethanol, anchexadecane were &-Potential Measurements.The electrical charge{potential) on

purchased from the Sigma Chemical Company (St. Louis, MO). the particles was measured using a particle electrophoresis instrument

Powdered3-lactoglobulin was obtained from Davisco Foods Interna- (ZEM5003, Zetamaster, Malvern Instruments, Worcs., U.K.). Samples

tional (LOT # JE 001-1-922, Le Sueur, MN). As stated by the ©f 10-wt % n-hexadecane oil-in-water emulsions were diluted 500-

manufacturer, thg-Lg content of the powder determined by electro- fold with 20 mM NaCl solution adjusted to pH 7 prior to measurements.

phoresis was 98% (the remainder being mostly globulins). The decreaseT he diluted emulsion was mixed thoroughly and then injected into the

in mass of the protein powder upon drying was 2.6%, and the nitrogen Measurement chamber of the instrumérotential is reported as the

content of the powder was 15.6%. Distilled and deionized water was average and standard deviation of measurements made on two freshly

used for the preparation of all solutions. prepared samples, with five readings made per samplel-fnéential
Solution Preparation. Emulsifier solutions with 0.5, 1.0, or 20wt ~ Of the emulsion droplets measured under these conditions was

% protein were prepared by dispersing powdesedy into deionized —41.84+ 0.8 mV.

and distilled water containing 0.04 wt % Nakhs an antimicrobial

agent) and stirring for at lea® h to ensure complete dispersion. RESULTS AND DISCUSSIONS

Solutions containing different NaCl and NEM concentrations were

prepared by dispersing weighed amounts of the powdered material into Influence of NaCl on Droplet Aggregat_ion. Ir_]itially, we
5 mM phosphate buffer (pH 7.0). measured the evolution in the mean particle diametpragd

Emulsion Preparation. An oil-in-water emulsion was prepared by ~ Particle size distribution (PSD) of 5 wt %-hexadecane oil-
homogenizing 10-wt %n-hexadecane oil and 90-wt % emulsifier ~in-water emulsions stored at 3C containing either 0 or 150
solution at room temperature. The oil and emulsifier solution were mM NaCl added immediately after homogenizatifig(res 1
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iameter (im) Figure 3. Mean particle diameter (ds3) of 5-wt % n-hexadecane oil-in-

water emulsions (0.5 wt % BSA, pH 7.0) containing different NEM-to-£3-
Lg molar ratios measured 24 h after homogenization: (a) 20 mM NaCl;
(b) 150 mM NaCl. Tween 20 or Tween 20 + 2-mercaptoethanol were
added to some of the emulsions to disrupt flocs.
and2). In the absence of added salt, no significant changes were
observed ind or PSD of the emulsions, which suggested that romoting droplet aggregation, we added varying concentrations
droplet aggregation did not occur. In the presence of added salt,of 5 sulfhydryl blocking agent (84.4 mM NEM) to emulsions
there was a steep rise ih during the first 24 h following  containing salt (0, 20, or 150 mM NaCl) immediately after
homogenization, after which the particle diameter reached anomogenization. This NEM concentration range corresponded
relatively constant value. In addition, the PSD changed from g 5 molar ratio R) of NEM-to-3-Lg of 0—8. The emulsions
monomodal to bimodal during the initial stages of storage \yere then incubated at 3€ for 24 h, and their mean particle
(Figure 2b) These resultS indicated that the emulsion dI’OpletS diameters were measured by laser d|ffract|5rg(lre 3) Prior
became increasingly aggregated during the first few hours aftertg making the laser diffraction measurements, nonionic surfac-
homogenization. In light of previous studies, we postulate that tant (1 wt % Tween 20), reducing agent (1 wt % 2-mercapto-
the progressive surface denaturationfefg molecules after  ethanol), or nonionic surfactarit reducing agent (1 wt % Tween
adsorption to oil droplet surfaces played an important role in 20+ 1 wt % 2-mercaptoethanol) was stirred into some of the
droplet aggregationl@—21). These conformation changes led emulsions for 1 h.
to an increase in the number of nonpolar and sulfhydryl amino At 0 mm NaCl, no droplet aggregation was observed in any
acids exposed to the aqueous phase, which increased thef the emulsions (data not shown). At 20 mM NaCl (in the
hydrophobic attraction and disulfide bond formation between gpsence of surfactant or reducing agent), an appreciable decrease
protein molecules adsorbed on different dropletS, (14). in the mean particle diameter occurred whHemwas increased
Support for this hypothesis comes from studies of the suscep-from 0 to 1, and at higher molar ratios, the mean particle
tibility of $-Lg to enzyme hydrolysis, which have shown that giameter was similar to that of the original nonaggregated
amino acid sequences capable of forming disulfide bonds areemyision Figure 3a). When surfactant or surfactattreducing
exposed to the aqueous phase after the protein has adsorbed tggent were added to these emulsions prior to the laser diffraction
an oil droplet surface A1). We postulate that no droplet measurements, the measured mean particle diameters were
aggregation was observed in the absence of added salt becausgmilar to that of the original emulsion. At 150 mM NaCl (in
there was a strong electrostatic repulsion between the dropletsihe absence of surfactant or reducing agent), there was a rapid
which prevented them from coming into close contact (see decrease in the mean particle diameter wRenas increased
below). from 0 to 0.25, followed by a more gradual decrease wRen
Influence of NEM, 2-Mercaptoethanol, and Surfactant on was increased from 1.5 to Eigure 3b). At higher molar ratios,
Droplet Aggregation. To gain insight into the relative impor-  the mean particle diameter remained fairly constant, but it was
tance of hydrophobic interactions and disulfide bonds in considerably higher<0.7um) than that of the original emulsion

Figure 2. Evolution of particle size distribution of 5-wt % n-hexadecane
oil-in-water emulsions (0.5 wt % BSA, pH 7.0) at 30 °C for 48 h after
homogenization: A, 0 mM NaCl; B, 150 mM NaCl.
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(~0.3um). When surfactant or surfactaatreducing agent were 6
incorporated into these emulsions prior to the laser diffraction 5
measurements, the mean particle diameters were similar to that g
.. . . =
of the original emulsion. When reducing agent alone was added R
to emulsions containing either 20 or 150 mM NaCl prior to 2
making the particle size measurements, the degree of droplet 531 Dl byt
aggregation increased (data not shown). 92 i =150 mM (05%B-1g)
) ) X g —&— 150 mM (2.0%B-1g)
These data can be explained in terms of the influence of S
NEM, 2-mercaptoethanol, and Tween 20 on the interactions 1 g
between droplets. The origin of droplet aggregation in our 0! - - . ]
emulsions was obviously flocculation, rather than coalescence, 0 0 20 30 40 50

since the aggregates could be disrupted and made to release Time (hrs)

their 9“9_'”5" d_roplets by adding surfactant or surfactant in Figure 4. Effect of protein concentration added before homogenization
combination with reducing agent. The surfactant molecules 4nq Nacy concentration on the time-dependence of the mean particle
(Tween 20) displace the protein molecules from the droplet giameter (d,s) of 5-wt % n-hexadecane oil-in-water emulsions.

surfaces and form interfacial membranes that render the droplets

stable to flocculationX). The fact that flocs could be disrupted o stirring in a laser diffraction instrument, and therefore there
equally well by surfactant as by surfactaftreducing agent s an increase in the measured particle size.

suggested that disulfide bond formation at the droplet surface The increase in droplet flocculation observed when 2-mer-

was not so extensive that it prevented the proteins from being captoethanol alone was added to the emulsions probably

desorbed by surfactan_t, as is the case in emulsions heated ab_ovgccurred because this strong reducing agent cleaves a disulfide
the thermal denaturation temperature of the adsorbed protein

Sond ing-Lg, which causes an increase in the protein’s surface
(30). The fact that the emulsions were flocculated, rather than p-Lg, P

I q firmed b cal mi hydrophobicity 81). Consequently, there is a stronger hydro-
coalesced, was confirme _yoptlca MICroscopy me_asurerr_\entS,phobic attraction between the emulsion droplets, which promotes
which showed that emulsion droplets became increasingly

; : =" 9 droplet flocculation.

aggregated info clusters as the time after homogenization Influence of Protein Concentration on Droplet Floccula-
increased (data not shown). . . . .

h ( hat drol ) . b din th tion. Previous studies of the extent of surface denaturation of
en;r Iz'éizsfgn:afﬁ'nrog neqtl\;i?\lg;g?at;’n ‘;V:: rr]r?;t?l Sbeer(\:/eex 8'2 tth(SgIobular proteins at oitwater interfaces have shown that the

uisions ining 9 1 was presumably u degree of protein unfolding depends on the protein concentration
electrostatic repulsive interactions between the droplets was;,, ihe aqueous phase during the adsorption prock&s3Q).
strong enough to overcome any attractive interactions (See ¢ gy fficiently low protein concentrations, globular proteins can
below). The fact that floc formation could be prevented in \hgergo extensive unfolding after adsorption because there are
emulsions containing 20 mM NaCl by adding NER ¢ 1) no physicochemical constraints imposed by neighboring protein
immediately after homogenization suggests that disulfide bond yglecules 82). On the other hand, at sufficiently high protein

formation played an important role in holding the flocs together concentrations, the extent of globular protein surface denatur-
(Figure 3a). In the absence of disulfide bond formation, ation is reduced because there is less space available for them
hydrophobic interactions alone were not sufficiently strong to o ynfold into due to the presence of all the other adsorbed
promote droplet flocculation (or at least to hold flocs together proteins in their immediate vicinity. For this reason, we
during dilution and stirring in the laser diffraction instrument).  examined the influence of aqueous phase protein concentration
As will be shown below, there is still a large electrostatic guring homogenization on the degree of droplet flocculation in
repulsion between the droplets at this salt concentration, which gj|-in-water emulsions.

would be expected to prevent the droplets from coming close Varying amounts (052 wt %) of f-Lg were added to the

enough together to _strongly flocculate. F_or disulfide bond_s t_o aqueous solution (150 mM NaCl, pH 7.0) used to prepare the
form between proteins adsorbed onto different droplets, it is g igjons prior to homogenization. The oil and aqueous phases

necessary for the droplets to come into close proximity. It were then homogenized and the change in mean particle
therefore seems likely that disulfide bonds are formed between 4o meter of the emulsions was measured over 48 h £C30

emulsion droplets that_ ha\_/e been_bro_ught _closer t_ogether dueusing laser light scattering. We observed no appreciable
to electrostatic screening in combination with relatively 1ong- gitterence in the rate or extent of droplet flocculation in the
range hydrophobic interactions associated with protein surfaceemyisions as the protein concentration was increased from 0.5
denaturation. to 2 wt % (Figures 1and4). A possible explanation of these
Disulfide bonds also played an important role in stabilizing results is that surface denaturation of fhieg was independent
the flocs formed in the emulsions containing 150 mM NaCl, of protein concentration and that the free protein concentration
since there was a large decrease in the extent of dropletin the aqueous phase prior to homogenization had little impact
flocculation when NEM was added to the emulsions im- on the kinetics or extent of protein unfolding (under the
mediately after homogenizatioRigure 3b). On the other hand,  conditions used in our experiments). This would suggest that
an appreciable amount of droplet flocculation still occurred in even whens-Lg was fairly densely packed at the interface it
the emulsions at NEM concentrations where all the disulfide was still capable of undergoing conformation changes that led
groups should have been blockddX 1). We propose thatthe to exposure of nonpolar and sulfhydryl groups, thereby increas-
droplets are strongly flocculated at this relatively high salt ing droplet-droplet interactions. An alternative explanation of
concentration because the hydrophobic attraction arising betweerour data is that the electrostatic repulsion between the droplets
droplets due to protein surface denaturation is sufficiently strong was sufficiently screened at 150 mM NaCl that all of the
to overcome the electrostatic energy repulsion (see below). emulsions were unstable to flocculation, regardless of the droplet
Strongly flocculated droplets are not easily disrupted by dilution surface hydrophobicity. Theoretical predictions were carried out
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to provide further insight into the origin of droplet flocculation 50
in the emulsions (see below). NaCl (mM)
The results reported in this section have important implica- 40T j?go

tions for the development of protein-stabilized emulsions that
have relatively high salt concentrations. It seems that it is not
possible to prevent droplet flocculation by increasing the protein 20 +
concentration in the aqueous phase prior to homogenization so
as to retard protein unfolding at the droplet interface. Neverthe-
less, further experiments are required using a wider range of
protein concentrations and adding the additional protein both
before and after homogenization. -10

Theoretical Prediction of Colloidal Interactions. Consider-
able insight into the relative importance of different colloidal -20 1
interactions on the aggregation stability of protein coated
emulsion droplets can be obtained by calculating the dreplet h (nm)
droplet interaction potentialw(h)) as a function of droplet
surface_—to-surfgce separatioh) (11). We assumed th"?‘? the droplet—droplet interactions in a protein stabilized oil-in-water emulsion.
overall Interac.tlon between two gmulsmn droplets stabilized by Calculations were performed using eq 1 and the following parameters:
globular proteins could be described by the sum of the van der _ _ a1 _ _ _

. . . r=03um A3 =533%x10721 ), 0 =2 nm, g = 80, ¥ = —42 mV,

Waals (wpv), electrostaticWg), steric (vs), and hydrophobic
interactions \):

150

30

Figure 5. Theoretical prediction of the influence of ionic strength on

| = 0-250 mM, A = 1 nm, y = 10 mJ m~2. The Hamaker function was
corrected for electrostatic screening effects as described by McClements
(1999): Ay = (5.33 x 1072 J) x (0.52e~*" + 0.48). The change in
C-potential with NaCl concentration was taken into account by assuming
constant surface charge density conditions (McClements, 1999). Droplets

w(h) = wypy (h) + we(h) + we(h) +wy(h) - (1)

where were assumed to have no hydrophobic surface character: ¢ = 0.
Wypy (h) = —rA,/12h 2
vov(N) H (2) physicochemical parameters, (6, T, Ay, etc.) that were
_ - representative of the emulsions used in our experimental study
ws(h) = (20/h) ®) (see figure caption). At close separatiohs<( 29) there is an
extremely strong steric repulsion between the droplets, which
We(h) = —27e,er P2 In[1 — e 4 accounts for the steep positive increase in the dremleiplet
pair potential at close droplet separations<(4 nm). This strong
w,(h) = —2my¢/1e7h”1 (5) short-range repulsion would be expected to prevent the droplets

from coming close enough together to coalesce. At intermediate
separations (4< h < 15 nm), the overall pair potential is a
balance between attractive van der Waals interactions and
repulsive electrostatic interactions. At low ionic strength&%0
mM), the electrostatic repulsion is sufficiently larger than the

separating the droplet! is the surface potential of the droplets Van der Waals attraction, so that there is a relatively high energy
(in V), « is the reciprocal of the Debye screening length ba}rrler thz?lt.prevents the droplets from falling into the fjeep
(3.29 x 10° VI m™Y), | is the ionic strength (in M)y is the primary minimum that occurs &t~ 4 nm. Under these solutlor)
interfacial tension at the oilwater interface (in J ), ¢ is conditions, we would not expect the droplets to aggregate into
the fractional hydrophobicity of the droplet surfaces, dnigd strong flocs, although they may form weak flocs due to the
the decay length of the hydrophobic interactions (in m). We Presence of.the shal!ow sepor_1dary minimum to the right of the
have assumed that the van der Waals, electrostatic, andeNergy barrier. At higher ionic strengths, the van der Waals
hydrophobic interactions begin at the outer surface of the attraction doml_nates the elgctrostatlc rep_uIS|on, so the energy
adsorbed protein layer, whereas the steric interaction begins af@rrier either disappears or is no longer high enough to prevent
the oil droplet surface. The above equations only give a rough the droplets from falling into the deep primary minimum. Under
approximation of the actual droptetiroplet pair potential ~ these solution conditions, we would expect the droplets to
because they ignore phenomenon such as retardation andidgregate into strong rocs_. Recent gxperlmental _stud|e§_have
interfacial layer effects on van der Waals interactions, ion shown that droplet flocculation occurs in Whey protein stabilized
binding and charge regulation effects on electrostatic interactionsemulsions at pH 7 when the salt concentration is increased above
and the precise molecular details of steric interactidi3. (n about 200 mM for KCI 83), which gives empirical support to
addition, we have ignored the influence of covalent (disulfide) Our theoretical predictions.
bonds on droplet interactions. Even so, the above equations do The influence of surface denaturation @fLg on droplet
provide some valuable insights into the influence of solution flocculation was ascertained by examining the effect of increas-
conditions on colloidal interactions, e.g., pH, surface charge, ing the droplet surface hydrophobicity (= 0—2%) on the
and droplet hydrophobicity. droplet-droplet pair potential in the presence of 150 mM NacCl
Initially, we examined the influence of ionic strength of the (Figure 6). The various physical parameters used to calculate
aqueous solution surrounding the droplets on their colloidal the pair potential are given in the figure caption. In the absence
interactions in the absence of any hydrophobic interactions of exposed hydrophobic groupg & 0%), the electrostatic
(¢ = 0). The variation of the overall dropletroplet pair repulsion dominates the van der Waals attraction, so there is a
potential with sodium chloride concentration (5250 mM) is relatively high energy barrier that prevents the droplets from
shown inFigure 5. The pair potential was calculated using falling into the deep primary minimuni(~ 4 nm). Under these

Here,r is the droplet radius (in mAy is the Hamaker function
(in J),0 is the thickness of the adsorbed protein layer (indw),
is the dielectric constant of a vacuum (8.8510712 C2 J-1
m™1), er is the relative dielectric constant of the medium
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30 important for improving the functionality of globular proteins
as emulsifiers in food, health care, and pharmaceutical products.
20
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