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Impact of Electrostatic Interactions on Formation and Stability
of Emulsions Containing Oil Droplets Coated by
p-Lactoglobulin —Pectin Complexes
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Interfacial protein—polysaccharide complexes can be used to improve the physical stability of oil-in-
water emulsions. The purpose of this study was to examine the impact of ionic strength on the
formation and stability of oil-in-water emulsions containing polysaccharide—protein-coated droplets.
Emulsions were prepared that contained 0.1 wt % corn oil, 0.05 wt % f-lactoglobulin, and 0.02 wt %
pectin at pH 7. The emulsions were then adjusted to pH 4 to promote electrostatic deposition of the
pectin molecules onto the surfaces of the protein-coated droplets. The salt concentration of the
aqueous phase (0 or 50 mM NacCl) was adjusted either before or after deposition of the pectin
molecules onto the droplet surfaces. We found that stable emulsions containing polysaccharide—
protein-coated droplets could be formed when the salt was added after pectin adsorption but not
when it was added before pectin adsorption. This phenomenon was attributed to the ability of NaCl
to promote droplet flocculation in the protein-coated droplets so that the pectin molecules adsorbed
onto the surfaces of flocs rather than individual droplets when salt was added before pectin adsorption.
We also found that polysaccharide—protein-coated droplets had a much improved stability to salt-
induced flocculation than protein-coated droplets with the same droplet charge ({-potential). Theoretical
predictions indicated that this was due to the ability of the adsorbed polysaccharide layer to strongly
diminish the van der Waals attraction between the droplets.
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INTRODUCTION charged patches on their surfac8s-(1). Conversely, cationic
polysaccharides can be adsorbed onto the surfaces of protein-

coated droplets can often be improved by adding a polysac- coated drgplets at pH values Where the droplets have either a
charide that adsorbs onto the droplet surfaces and forms a€t negative charge or an appreciable amount of negatively
protective layer {—5). This process is normally achieved by charged patches on their surfacek?,(13). The resulting
mixing a protein-stabilized emulsion and a polysaccharide "Multilayer emulsions” contain oil droplets coated by protein
solution under conditions where there is an attractive force Pelysaccharide interfacial complexes.

between the polysaccharide molecules and the protein-coated Previously, it has been shown that oil droplets coated by
droplet surfaces. The most commonly utilized attractive force Protein—polysaccharide complexes often have superior stability
is the electrostatic interaction between the charged groups ont® €nvironmental stresses than those coated by proteins alone
polysaccharide molecules and the oppositely charged grOLIIDSbe(:ause of the alteration in interfacial charge, structure, and

on adsorbed protein molecules. The charge on the protein-coatedhickness (12). For example, the stability of emulsions to pH,
droplets can be varied from positive to negative by adjusting '0NIC strength, thermal processing, freezing, and dehydration

the pH from below to above the isoelectric point (pl) of the Can be improved using the multilayer approathd, 11,14~
adsorbed proteinssj. On the other hand, the charge charac- 18)- Although the multilayer technology provides scientists with
teristics of the polysaccharide molecules can be controlled by @ Powerful method to improve the resistance of emulsions to
selecting polysaccharides with different numbers, distributions, €nvironmental stresses, it is still essential to select the most
and types of ionizable functional groups (7). Thus, anionic @PPropriate system composition and preparation conditions to
polysaccharides can be adsorbed onto the surfaces of proteincreate stable multilayer emulsions with the desired physico-

coated droplets at pH values where the droplets either have achemical characteristics._ A significant problem r_eported in
net positive charge or have a significant amount of positively studies that have used this approa_lch to create multilayer-coated
droplets is the tendency for extensive aggregation of the droplets
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occurs if there is insufficient polyelectrolyte to completely coat ~ Solution Preparation. Emulsifier solution containing 0.05 wt %
all of the droplet surfaces when they collide, which may occur protein was prepared by dispersing powdefelcy into 5 mM sodium
either because there is insufficient polyelectrolyte present or Phosphate buffer (pH 7.0) and stirring for at le2$ toensure complete

because it does not adsorb fast enough relative to dreplet hydration. A pectin solution was prepared by dispersing weighed

droplet collisions: (i) depletion flocculation occurs if there is  amounts of the powdered material into the same buffer (0.4%, pH 7.0)

too much excess polyelectrolyte present in the continuous phasef”md St'm_ng for at Ieas_t 2hto e_nsure Compl?te hydration.
Emulsion Preparation. A primary emulsion was prepared by

and (iii) flocculation may also occur if the repulsive interactions o 0 i 0 "
between the coated droplets are not strong enough to overcomdomogenizing O'% wt % com oil with 99.2 wt % aqueous emulsifier
the attractive interactionsl®). Droplet aggregation therefore solution (0.05 wt %f-Lg, pH 7.0) with & high-speed blender (M133/
has to be retarded by carefully controlling preparation condi- 1281-0, Biospec Products, Inc.,‘ ESGC, Switzerland) foIIoweq by five
! b . '~ passes through a two-stage high-pressure valve homogenizer (LAB
tions, such as droplet characteristics (e.g., concentration, size g0, APV-Gaulin, Wilmington, MA): 5000 psi the first stage and
and charge), polyelectrolyte characteristics (e.g., concentration,5o0 psi the second stage. Secondary emulsions were prepared by adding
molar mass, and charge density), solvent properties (e.g., ionicpectin solution and/or NaCl solution either before or after pH
strength, pH, and dielectric constant), and/or the mixing method adjustment.
(e.g., order of addition, mixing speed, and flow profile). Effect of NaCl Addition before or after pH Adjustmeht.this set

The main driving force for polyelectrolyte adsorption to the of experiments, we examined the influence of NaCl addition on
droplet surfaces is electrostatic; hence, multilayer formation emulsio_n stability, with the salt being added either before or after pectin
depends strongly on solution pH and ionic strength because thes@dsorption.
parameters influence the magnitude of the electrical charge on () NaCl Adjusted before Pectin AdsorptioFhe 0.8 wt % corn oil-
the droplets and polyelectrolyte molecules, as well as the rar]gein-water primgry emulsion was mixed with different ratios of pegtin
of the electrostatic interactions in the syste2f,@1). Previous and salt solutions at pH 7.0 to form 0.2_ wt % secondary emul's.lons.
studies have shown that the amount of polyelectrolyte adsorbed "€ Secondary emulsions were then adjusted to pH 4.0 by addition of
onto colloidal particles and the properties of the interfaces ?cfl;llntig r:nduce pectin adsorption and then diluted with pH 4.0 buffer
]:c;lrﬂeeo?.lsarpeh:;rgnglsyv&gflllu::%endV\tl)ﬁlemgr Iﬁ’]rgciosr:{sr;%rt{;ngihﬂ\ﬁas (i) NaCl Adjusted after Pectin Adsorptioithe 0.8 wt % corn oil-

. . in-water primary emulsion was mixed with different ratios of pectin
adjusted before or after polyelectrolyte adsorptioh{26). The and buffer solutions at pH 7.0 to form 0.2 wt % secondary emulsions.

purpose of this study was therefore to examine the influence of 1,6 secondary emulsions were then adjusted to pH 4.0 by addition of
electrostatic interactions on the formation and properties of Hcj to induce pectin adsorption and then diluted with pH 4.0 NaCl
emulsions containing protein—polysaccharide-coated droplets. solution.

In this study, we prepared oil-in-water emulsions containing  Finally, the emulsions had a composition of 0.1 wt % corn oil, 0.005
droplets coated by an interfacial layer comprised of two natural wt % fS-lactoglobulin, 0—0.05 wt % pectin, and-800 mM NaCl.
polymers: a globular proteingflactoglobulin (3-Lg)] and an ~ Emulsions were then stored at ambient temperature prior to analysis.
anionic polysaccharide (pecting-Lg was used because its The above experiments were also repeated using different final pH
molecular properties are well-known and it is the major values (3.0-7.0).
component in whey protein, which is commonly used as an  Effect of NaCl on Emulsions with Similar Electrical Potentidls.
emulsifier in the food industryg). The isoelectric point of-Lg this set of experiments, we wanted to distinguish between the effects
has been reported to be around-4572 (27—29). Pectin was of ionic strength and those of droplet chargepptential). Consequently,
used because it is an anionic polysaccharidé ¢p 3.5) thatis ~ Primary and secondary emulsions with the same inftipbtential were
already widely used as a functional ingredient by the food prepared by using different pH values. A primary emulsion was
industry (30). The major objective of this study was to examine prepared at pH 5.7 where it hadigpotential (~—30£ 1 mv) that

. o . .~ was approximately the same as that of a secondary emulsion at pH 4
the influence of electrostatic interactions, modulated by changing (._33 1 1 mv). These emulsions were then diluted with buffer and

the pH and ionic strength, on the formation and stability of oil-  NacI solution (of the appropriate pH) to have a final composition of
in-water emulsions containing lipid droplets coated/slg— 0.1% oil, 0.005%8-Lg, 0 or 0.02% pectin, and 0—300 mM NaCl. The
pectin layers. Electrostatic interactions would be expected to salt was added to the secondary emulsions after the pectin had adsorbed
influence the adsorption of charged polysaccharide moleculesto the droplet surfaces (i.e., at pH 4). Emulsions were then stored at
onto the surfaces of oppositely charged lipid droplets, as well ambient temperature prior to analysis.
as influencing the strength of the electrostatic repulsion between Particle Charge and Size MeasurementsThe electrical charge
oil droplets. (¢-potential) andz-average diameter of the particles in the emulsions
were determined using a commercial instrument capable of electro-
phoresis and dynamic light scattering measurements (Zetasizer NanoZS,
MATERIALS AND METHODS Malvern Instruments, Worcs., United Kingdom). The emulsions were
Materials. Powderedf-Lg was obtained from Davisco Foods prepared and stored at room te_mperature for 24 h prior to analysis. It
International (Lot #JE 001-1-922, Le Sueur, MN). The protein content Should be noted that particle size measurements made on flocculated
was reported to be 98.3% (dry basis) by the supplier, fitly making emulsions shot_JId be treated with caution, since dilution and stlrrlrjg
up 95.5% of the total protein. The moisture content of the protein May alter floc size, and the theory used by the instrument to determine
powder was reported to be 4.9%. The fat, ash, and lactose contents ofN€ particle size distribution assumed that the particles were spheres.
this product were reported to be &30.1, 2.5+ 0.2, and<0.5 wt %, Creaming Stability Measurements.Ten grams of each emulsion
respectively. Pectin extracted from citrus fruit was purchased from was transferred into test tubes (with 15 mm internal diameter and 125
Sigma Chemical Co. (Lot #91K1420, St. Louis, MO). The degree of mm height) and then stored for 7 days at room temperature. After
esterification of the pectin was reported to be 59% by the supplier. storage, a number of emulsions separated into an optically opaque
Corn oil was purchased from a local supermarket and used without “cream” layer at the top and a transparent or turbid “serum” layer at
further purification. Analytical grade hydrochloric acid (HCI) and the bottom. Digital images of the emulsions were taken after storage
sodium hydroxide (NaOH) were purchased from the Sigma Chemical to observe creaming as an indication of long-term stability. Visible
Co.. Distilled and deionized water from a Nanopure water system phase separation (formation of a distinct cream layer on top and a turbid
(Nanopure Infinity, Barnstead International, 1A) was used for the or transparent serum layer at the bottom) was taken as evidence of
preparation of all solutions. poor creaming stability.
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Figure 1. Schematic representation of two oil droplets of radius r coated
with a polyelectrolyte interfacial layer of thickness d, with a surface-to-
surface separation of h.

COLLOIDAL INTERACTION POTENTIALS FOR
NONCOATED AND COATED DROPLETS

A mathematical model was developed to estimate the colloidal
interactions between a pair of spherical lipid droplets coated
by a layer of biopolymer so as to interpret our experiments on

the influence of an adsorbed polysaccharide layer on the stability

of protein-coated lipid droplets. To a first approximation, the

interaction potential between a pair of spherical particles can

be described using the DLVO theory (31):
w(h) = w,(h) + we(h) @

wherew(h), wy(h), andwg(h) are the overall, van der Waals,

and electrostatic interaction potentials at a surface-to-surface
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Figure 2. (a) Dependence of droplet &-potential of protein-stabilized oil-
in-water emulsions on pectin concentration: 0.1 wt % corn oil, 0.005 wt

of h. Expressions for these interactions between coated spherical, f-Lg, 5 mM sodium phosphate buffer, pH 4.0, and 0 and 50 mM NaCl

particles are available in the literature (31):

o Apzkh)  Ap(h)  2A54h)
WO="5"h Thr2 hte] @
We(h) = —27€pex(r + )P In[1 — e ™) (3)

wherer is the lipid droplet radiusg is the thickness of the
adsorbed layerAj(h) is the Hamaker function, and the
subscripts 1, 2, and 3 refer to the disperse phase, biopolyme
layer, and continuous phadeigure 1). Mathematical formulas

that can be used to calculate the Hamaker functions are given

elsewhere in Appendix I. In additiorg is the permittivity of
free spacesr is the relative dielectric constant of the continuous
phase,W is the surface potential of the particles (in V), and

«~1is the Debye screening length (m). For aqueous solutions

at room temperatures;  ~ 0.304/+/Inm, wherd is the ionic
strength expressed in moles per liter (32).

The above approach assumes that the free polymer concentr
tion in the continuous phase is zero, so that the depletion
attraction can be ignore®1). This would mean that there were

just enough polymer molecules present to completely saturate

the surfaces of all of the droplets. In addition, it is assumed

that there is an extremely strong steric repulsion between the

particles when the interfacial layers overlap with each other.
Thus, the steric repulsion would be infinitely large when the

distance between the outer edges of the particle surfaces wa

less than zero but would be zero otherwiSd)( It is also

assumed that the electrical charge is located on the outer edg%
e

of the adsorbed layer, which is a reasonable assumption sinc
theoretical calculations with multilayer systems have shown that
the charge is localized at the outer edg8)(
RESULTS AND DISCUSSION

Determination of Adsorbed Layer Characteristics. The

a_

(added before pH adjustment from 7 to 4). (b) Dependence of z-average
particle diameter of protein-stabilized oil-in-water emulsions on pectin
concentration: 0.1 wt % corn oil, 0.005 wt % S-Lg, 5 mM sodium
phosphate buffer, pH 4.0, and 0 and 50 mM NaCl.

amount of pectin required to produce stable secondary emulsions
containing oil droplets coated by polysaccharigeotein layers,
as well as to obtain some quantitative information about the
rphysical characteristics of the adsorbed polysaccharide layer.
The ¢-potential andz-average diameter of emulsions (0.1 wt %
corn oil, 0.005 wt %3-Lg, and 5 mM phosphate buffer, pH
4.0) containing different pectin concentrations-@O05 wt %)
and NacCl concentrations (0 or 50 mM) were measured 24 h
after preparationKigure 2a,b). The creaming stability of the
emulsions was also observed after 7 days of storage at room
temperature (data not shown). In these experiments, the NaCl
was added to the emulsions before pectin adsorption to the
droplet surfaces (i.e., at pH 7).
¢-Potential Measurementdn both the absence and the
presence of added salt, ti@epotential changed from positive
to negative as the pectin concentration was increased from 0 to
0.05 wt % Figure 2a). There was a steep decreasé-ipotential
from 0 to 0.001 wt % pectin, after which a plateau value was
attained somewhere above 0.002 wt % pectin. This data showed
that anionic pectin molecules adsorbed to the surface of cationic
rotein-coated droplets until a critical pectin concentration was
eached, after which the droplet surfaces were presumably
covered with pectin molecules. Further pectin adsorption may
ave been prevented for other reasons: All of the available
cationic binding sites on the protein-coated droplets were
saturated with anionic groups from the pectin molecules, or there
was an electrostatic repulsion between adsorbed and nonad-
sorbed pectin molecules.
The critical polysaccharide concentration where the droplet
surfaces became saturated with pectin was established by

purpose of this set of experiments was to determine the optimummaodeling theZ-potential vs polysaccharide concentration curves
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Table 1. Electrical Characteristics of Interfaces in 0.1 wt % Here,me is the mass of an individual polyelectrolyte molecule,
Qil-in-Water Emulsions Coated by Protein or Polysaccharide—Protein Ap (= zirp?) is the cross-sectional area of the polyelectrolyte at
Layers at pH 4 the surface after adsorption is the effective radius of the

polyelectrolyte molecule in solutiomlp is the molar mass of

parameter 0 mM NaCl 50 mM NaCl the polyelectrolyte, anbl, is Avogadro’s number. The effective
ionic strength (mM) 23 73 radius of polymers in solution is usually related to the molecular

« (nm) zgg 1%3 mass by the relationrg? [ Mp (35); hence, the above equation
é‘;(m)/) 312 195 should not be particularly sensitive to molar mass. The molar
AE (mV) —60.7 -334 mass and radius of gyration of a range of different pectins have
0o (Cm7?) 0.010 0.0088 been determined as followdvir from 30 to 300 kDa and

osa (Cm) -0.011 -0.012 from 14 to 40 nm (36). Calculations of the surface load from

An‘g((r(]:m”lz)) _gjggé _8:8% these values givEsa~ 0.09+ 0.03 mg nT2, which is more

Nsa (NM~2) ~0.069 ~0.077 than an order of magnitude less than the value determined from
An (nm~?) -0.134 -0.131 the {-potential measurements. We must therefore conclude that

numerous pectin molecules adsorb on top of each other at the
surface or that the cross-sectional area occupied by an adsorbed
pectin molecule is much less than that in solution. Studies of
the adsorption of well-defined synthetic polyelectrolytes onto
= - ) (4) oppositely charged surfaces indicate that the adsorbed molecules
Alsat  Co~ Csat ¢ 3Csa are highly interpenetrating at the surfacl(37). It would
therefore be possible for multiple anionic pectin molecules to

where CO’.C(C)’ andZsq are theC-potenua}s of the emulsion ., adsorb on top of each other to counterbalance the positive
droplets in the absence of polysaccharide, at polysaccharide,

; - charges associated with the adsorbed protein layer below.
concentratiorc, and when they are saturated with polysaccha-

de. Th iable* is the ol harid ; h A number of useful electrical characteristics of the droplets
ride. The variable™ Is the polysaccharide concentration Where o 150 be derived from thgpotential measurements (Table
the change ig-potential is 1¢ of the total change ig-potential

1). The¢-potentials of protein-coatedd) and polysaccharide
at saturation: Al = Alsafe. The variablecsy: provides an ) &P b dd poY

; f the mini | harid : ) dprotein-coatedQSaa droplets were determined directly from the
estimate of the minimum polysaccharide concentration required e 55 ,red change ipotential with pectin concentration in the

to cover the drop!et surfaces, which can be estimated from these, p<once and presence of added NaCl at pH Bigute 2a).
curves b_y assuming t_hat the surface is saturated when the overalg, ;e charge density values were then calculated from the
change inC-potential is 95% oAL: Csar= —C*In(0.05) OrCsa ¢-potential measurements using the following relationship,
~ 3c*. This value of 95% change was selected because it wasy hich assumes that the surface potential is relatively low and

close to full saturation (100%), while enabling an analytical there is no surface charge regulation (Appendix I1):
expression to be obtained fogs: The binding of a polysac- '

charide to the droplet surfaces can therefore be characterized 0~ 0.233V/1¢ 7)

by Alsarandcsa: Values forA&saandcsawere calculated for

the two different salt concentrations by fitting the above equation To utilize this relationship, it is necessary to know the ionic
to the experimental-potential vs pectin concentration curves strength (J of the aqueous solution surrounding the oil droplets.
(Table 1). The saturation concentration was found to be 0.003 There will be a “background” ionic strength,) due to ions

wt % pectin regardless of the NaCl concentration in the range arising from a variety of sources, including the buffer solution,
0—50 mM. The saturation concentration depends on the sizeacids, or bases used to adjust the pH, minerals associated with
and concentration of emulsion droplets used; therefore, it is the protein or pectin, etc. It is difficult to directly determine
useful to determine a more system-independent quantity for thethe ionic strength of such a compositionally complex system,
amount of adsorbed pectin. The surface load at saturation canso we used an indirect approach based-guotential measure-

using the following empirical equation:

AC(C) _ C(C) - CSat% EXF{_E) ~ ex;{— ¢

be calculated using the following expression: ments at two different salt concentrations, which is described
in Appendix Il (along with possible limitations of this approach).
. — CsatO32 This approach led to a value bf= 23 mM for the background
sat= ®) - :
6¢ ionic strength across the whole pH range studied. The surface

) ) charge densities in the absente=(23 mM) and presence &
Here,Csatis the mass of material adsorbed to the surface of the 73 mm) of added salt were then determined using eq 7 and the

droplets per unit volume of emulsion &g m), dsz is the  _potential measurements for 0 and 50 mM NaCl. The number
volume—surface mean droplet diameter, an the droplet  of glectrical charges per unit area (n) was determined from the
volume fraction. For this studyds, = 0.32 um, ¢ = 0.001 surface charge density measurements= o/e, wheree is the
(0.1%), andC, ~ 0.03 kg n13 (0.003 wt %) at both 0 and 50 )it of elementary charge (=1.60 107° C).

mM NaCl; hence['sx:= 1.6 mg n2 This value is in the range It is possible to use these experimentally determined values

typically found for the surface loads of biopolymers adsorbed {5 gptain some valuable insights into the electrical properties
to the surfaces of colloidal particle§4). It is insightful to of the adsorbed polysaccharidgrotein layer. The surface

compare this value with that calculated from knowledge of the cnarge density of an interface can be related to the surface load
molecular characteristics of pectin molecules in solution. If it by the following relationship:

is assumed that a single pectin molecule adsorbs onto a surface

with a cross-sectional area similar to that in solution, then its s Ny zo€
surface load would be given by: e VI (8)
P
M Mp . . .
Ig™ (6) Herezp is the effective valancy of the adsorbed pectin molecules.

Ap Na7Tl An estimate ofze can be obtained from the above equation by
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using the experimentally determined valuedgf; and ¢ and characteristics of the pectins used in the two studies or
assuming a molar mass of 100 kDa:= —14. This value is differences in solution conditions. It should be mentioned that
much smaller than the number of carboxyl groups per pectin the thickness of the layers formed by synthetic polyelectrolytes
molecule and the fraction that should be ionized at the solution at relatively low ionic strength tends to be much thinner than
pH: zu ~ —170, assuminglp = 100 kDa, DE= 59%, and this value (a few nanometers) (26). It has been proposed that
pKa = 3.5. Consequently, many of the charged carboxyl groups pectin consists of a negatively charged backbone, with fairly
on the pectin molecules must be associated with counterionsneutral side chains attached (30). It is therefore possible that
(such as H or Na') that reduce the net overall change in charge. the anionic backbone of pectin lies flat against the cationic
The condensation of counterions onto pectin molecules in adsorbed protein layer, whereas the neutral chains extend into
aqueous solution has previously been observed by NMR studiesthe surrounding aqueous phase, thereby increasing the layer
(38). thickness.

The magnitude of th&-potential was higher at 0 than at 50 Knowledge of the surface load {['and the thickness of the
mM NaCl for both the protein-coated droplets and the polysac- adsorbed pectin layeb] can be used to estimate the packing
charide—protein-coated droplets, as wag, which can be  Of the pectin molecules within the adsorbed layer:
attributed to electrostatic screening effects (32).

Dynamic Light Scattering and Creaming Measurememe _ KP _ & (9)
influence of pectin concentration on the stability of the PV, dpp
emulsions to droplet aggregation was measured by dynamic light
scattering igure 2b) and visual observation of creaming (data  yhere Vp (~ m/pp) is the volume occupied by a mass of
not shown). At 0 mM NaCl, the emulsions were highly unstable polyelectrolyte chains within an interfacial layer of amlaV,
to droplet aggregation and creaming at pectin concentrations(~ A x ) is the volume of the overall interface in the same
less than 0.005 wt %. Possible physicochemical phenomena thagrea, m/A (=T'g) is the mass of polyelectrolyte adsorbed per
can account for this observation include the following: (i) The ynit surface area, angb is the density of the polysaccharide
E-potential was not large enough to generate a strong electro-chain (~1600 kg m?3). Using the values for the surface load
static repulsion between the droplets; (i) there was insufficient and interfacial thickness determined experimentdlly € 1.6
pectin present to completely saturate the droplet surfaces somg nr2, § = 45 nm), we calculated that the volume fraction of
bridging flocculation occurred; and (iii) the pectin did not adsorb  the interface occupied by the polymer molecules was about
to the droplet surfaces fast enough before collisions occurred2 204 This value is much higher than the value of about 0.09%
so bridging flocculation occurred ). In the absence of pectin,  calculated for free polymer molecules in solution (#Wephere
mechanism (i) was probably the reason for the observed — 3Mp/4refppNa), which again suggests that many pectin
emulsion InStablllty because the pH was close to the isoelectric molecules adsorb on top of each other at the drop|et surfaces.
point of the adsorbed proteins so that fhpotential was low. - In the remainder of this study, a pectin concentration of 0.02
At pectin concentrations between 0 and 0.003 wt %, mechanismyt o, was used to prepare the secondary emulsions because this
(ii) was probably responsible for droplet aggregation since there was high enough to completely saturate the droplet surfaces
was insufficient pectin to completely cover the droplet surfaces (Figure 2a) and to avoid droplet flocculatiofFigure 2b) at 0
(Figure 2a). At pectin concentrations from 0.003 to 0.005 wt mM NacCl.

%, mechanism (iii) was probably responsible for droplet  Effect of Salt Added before or after Pectin Adsorption.
aggregation since there should have been sufficient pectin toThe purpose of these experiments was to examine the influence
cover the droplet surface§igure 2a), but the concentration  of salt, added either before or after the pectin had adsorbed to
may not have been high enough to favor pectin adsorption overthe surfaces of the protein-coated droplets, on the formation
droplet collisions. The presence of 50 mM NaCl in the emulsions and stability of secondary emulsions.

increased the degree of droplet aggregation and creaming Figure 3a shows the change ii-potential of secondary
observed in the emulsions at all pectin concentrations from 0 emy|sions with salt concentration (0—100 mM NacCl) adjusted
to 0.1 wt %. This observation suggests that the droplets in the gjther before or after pectin adsorption to the droplet surfaces.
primary emulsions were only marginally stable to droplet The droplet¢-potential decreased in magnitude (became less
flocculation and that even a small increase in the amount of negative) as the NaCl concentration was increased, which can
salt was sufficient to screen the electrostatic repulsion and pe attributed to electrostatic screening (38). Whether the
promote some aggregation (see later). salt was added before or after pectin adsorption had little effect

The dynamic light scattering measurements were also usedon the dependence gfpotential on NaCl concentratiofigure
to estimate the effective thickness of the pectin layer adsorbed3a). This result implies that the amount and structure of the
to the droplet surfacesd = (dsa: — dg)/2. The mean diameter  pectin molecules adsorbed to the droplet surfaces was indepen-
of the particles in the emulsions containing no added salt (where dent of when the salt was added to the emulsions. On the other
no droplet flocculation was observed) was measured befigre ( hand, the time when the salt was added to the secondary
and after @sa) pectin was added. The mean particle diameter emulsions did have a major impact on their stability to droplet
increased from aboudy, = 200+ 9 nm in the protein-coated  aggregation and creaming.
droplets (pH 7) to aboulss;= 290+ 10 nm for the proteir At all NaCl concentrations, the emulsions with salt added
polysaccharide-coated droplets (pH 4, 0.02 wt % pectin), which before pectin adsorption had larger particle siZéigire 3b)
suggested that the hydrodynamic thickness of the adsorbedand were more susceptible to creaming (visible phase separation)
polysaccharide layer was abaut= 45+ 14 nm. This value is than those with salt added after pectin adsorption. Indeed, the
fairly similar to the reported values for the diameter of pectin emulsions to which salt was added after pectin adsorption were
molecules in solution: 28—80 nm (36). In addition, it is fairly stable at salt concentratiorsl00 mM NaCl, whereas those to
close to the value of 90 nm reported for the adsorption of pectin which salt was added before pectin adsorption were only stable
layers onto the surfaces of latex particl8d), The differences  at <10 mM NacCl. These results indicate that the time when
in the values may have been due to the different molecular salt is added has a major impact on the formation and stability
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Figure 3. (a) Dependence of droplet ¢-potential of polysaccharide—protein-
stabilized oil-in-water emulsions on NaCl concentration when the salt was
added either before or after pectin adsorption: 0.1 wt % corn oil, 0.005
wt % B-Lg, 0.02 wt % pectin, and 5 mM sodium phosphate buffer, pH
4.0. (b) Dependence of z-average particle diameter of polysaccharide—
protein-stabilized oil-in-water emulsions on NaCl concentration when the
salt was added either before or after pectin adsorption: 0.1 wt % corn
oil, 0.005 wt % f-Lg, 0.02 wt % pectin, and 5 mM sodium phosphate
buffer, pH 4.0.
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Figure 4. Schematic diagram of the influence of salt addition on the
formation of stable secondary emulsions. If salt is absent during pectin
adsorption, then pectin will adsorb to the surfaces of individual droplets.
If salt is present during pectin adsorption, the droplets aggregate before
the pectin can adsorb.

of secondary emulsions. The following mechanism was pro-
posed to account for the observed phenomeiigute 4).
(i) NaCl Adjusted before Pectin Adsorptiofhe addition of

Guzey and McClements

that the final emulsions contained relatively large particles that
creamed rapidly.

(i) NaCl Adjusted after Pectin Adsorptiofn the absence
of salt in the emulsions at pH 7, there was a relatively strong
electrostatic repulsion between different protein-coated droplets,
so that little droplet flocculation occurred. When the pH was
decreased, the pectin molecules adsorbed onto the surfaces of
individual protein-coated droplets, which accounts for the
smaller mean particle diameter and better creaming stability.

Addition of increasing levels of salt to the secondary
emulsions after pectin adsorption caused a slight decrease in
the thickness of the adsorbed pectin layer, since the mean
particle diameter decreased by about 1:8.9.3 nm when the
NaCl concentration was increased from 0 to 100 mM. This
suggested that the interfacial thickness decreased by about 7.0
+ 0.7 nm. A possible explanation for this phenomenon is the
weakening of the electrostatic repulsion between pectin mol-
ecules in the adsorbed layer, which allows them to pack more
closely. This process is analogous to the decrease in the radius
of hydration of charged polyelectrolytes in aqueous solution
when salt is added (35).

Influence of pH on the Formation of Secondary Emul-
sions.To provide some additional experimental support for the
mechanism proposed iRigure 4, the combined influence of
solution pH and NaCl on the properties of primary and
secondary emulsions to which salt was addé&er adjusting
the pH was investigated. The pH dependencies of droplet
C-potential, mean particle diameter, and creaming stability are
shown inFigure 5.

At pH 7, the droplets in the primary emulsion had a high
negative ¢-potential because the adsorbed protein was well
above its isoelectric point (pl). The droplets in the secondary
emulsion had a similag-potential as those in the primary
emulsion at this pH because both the protein-coated droplets
and the polysaccharide molecules were strongly negatively
charged, so the pectin would not have been expected to adsorb
to the droplet surfaces. When the pH was reduced, pectin
adsorbed to the protein-coated droplets (as demonstrated by a
deviation in ¢-potential between the primary and secondary
emulsions) starting at pH 5.5 and belokigure 5a). The fact
that pectin adsorbed to the droplet surfaces at pH values slightly
above the pl£pH 5) of the protein molecules suggested that
there was an electrostatic attraction between anionic groups on
the polysaccharide and positive patches on the protein surfaces,
as has been reported previousdy 9). It is interesting to note
that pectin adsorption occurred at fairly similar pH values
(around pH 5.5) for the emulsions containing 0 and 50 mM
NaCl, which suggested that this level of salt did not alter the
tendency for the pectin molecules to adsorb to the droplet
surfaces. The reason that the magnitude of¢tpetential was
less for the emulsions containing 50 mM NacCl than for the ones
containing 0 mM NaCl at all pH values can be attributed to
electrostatic screening effects (29).

The influence of pH and NaCl on the stability of primary
and secondary emulsions to droplet aggregation was assessed
using dynamic light scatteringF{gure 5b) and creaming
stability (data not shown) measurements. In the absence of salt,
extensive droplet aggregation and rapid creaming occurred in
the primary emulsions over a range of intermediate pH values

salt to the emulsions at pH 7 reduced the electrostatic repulsion(pH 4.5 and 5.0). The origin of this droplet aggregation can be
between the protein-coated droplets, which promoted someattributed to the relatively weak electrostatic repulsion between

droplet flocculation (see next section). When the pH was

the droplets due to the low droplétpotential near the pl of

reduced, the pectin molecules adsorbed onto the surfaces othe adsorbed protein81,40). In the presence of 50 mM NaCl,
flocs, rather than individual protein-coated droplets, which meant the range of intermediate pH values where the primary emulsion
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a 8o In the secondary emulsion containing O mM NacCl, the mean
60 5 10O mM) particle diameter remained relatively low & 300 nm) and
& 1°(50 mM) . s . .
10 1 =20 (0 mM) there was no visible evidence of creaming when the pH was
& 2° (50 mM) reduced from 7.0 to 3.0 (Figure 5b). At the higher pH values
201 (pH 5.5—7.0), this would have been because of the strong

electrostatic repulsion between the protein-coated droplets, but
at the lower pH range (pH 5.5 to 3.0), it would have been due

{-Potential (mV)
<

20 ; to the stabilizing influence of the adsorbed pectin layer. The
-40 . adsorption of the pectin molecules onto the droplet surfaces
60 - i when the pH was reduced from 7.0 to 5.0 can be seé&igure
5c, which shows the pH dependence of the mean particle
-80 ) . . -
; 4 s 6 ; diameter in the secondary emulsions containing no added salt.
pH There was an appreciable difference in the pH stability of
b 00 the secondary emulsions containing 50 mM Na&g(re 5b).
-0 1° (0 mM) The mean particle diameter was similar to that in the primary
g 0007 :;EZOT:)@ emulsion from pH 5.5 to 7.0, pr.e.sumably because the pectin
5 4000 4 +20(50'"mM) did not adsorb under these conditions. Below pH 5.5, there was
2 evidence of droplet aggregation and creaming instability (visual
& 3000 1 phase separation) in the secondary emulsions but less so than
%éozoooi in the p.rimary emulsions,._su.ggesting that. the ac}sorption of
E pectin did have some stabilizing effects. It is possible that the
& 1000 4 instability observed in the secondary emulsions containing salt
= S - | at pH < 5.5 was because protein-coated droplets aggregated
0 ' ' ' with each other before the pectin molecules could adsorb to
3 4 o 6 7 the droplet surfaces (Figure 4). This would therefore explain
C 00 P the difference between the stabil!ty of emullsions.to which NaCI
was added before or after pectin adsorption discussed in the
280 previous section.

260 - Influence of lonic Strength on the Properties of Emulsions
with the Same Droplet Electrical Potential. The purpose of
this series of experiments was to distinguish the effects of ionic

z-Average Diameter (nm)
[\
P
<
.

220 strength from the effects of droplet electrical potential. This was
achieved by preparing primary-80 mV, pH 5.7) and secondary
200 1 ! emulsions (—33 mV, pH 4.0) with the same initiaipotential
180 : ' ' by using different pH values. The salt was added to the
3 4 5 5 7 secondary emulsions after the pectin had adsorbed to the droplet
pH surfaces. The¢-potential, particle diameter, and creaming
Figure 5. (a) Dependence of droplet &-potential on pH for primary and stability of these primary and secondary emulsions were then
secondary emulsions: 0.1 wt % corn oil, 0.005 wt % $-Lg, 0 or 0.02 wt measured with increasing ionic strength (Figure 6).
% pectin, 5 mM sodium phosphate buffer, and 0 or 50 mM NaCl. Any Figure 6a shows that the salt dependence of hgotential
salt was added after pectin adsorption had occurred. (b) Dependence of was fairly similar for the primary and secondary emulsions,
z-average particle diameter on pH for primary and secondary emulsions: starting from~—30 mV and decreasing in magnitude as the
0.1 wt % corn oil, 0.005 wt % S3-Lg, 0 or 0.02 wt % pectin, 5 mM sodium NaCl concentration increased. This is to be expected because
phosphate buffer, and 0 or 50 mM NaCl. Any salt was added after pectin of electrostatic screening effectsigure 6b shows the patrticle
adsorption had occurred. (c) Dependence of z-average particle diameter diameter of emulsions after the addition of salt. In the absence
on pH for secondary emulsions (0.1 wt % corn oil, 0.005 wt % j-Lg, 0 of salt, the primary emulsion was stable to droplet aggregation,
or 0.02 wt % pectin, 5 mM sodium phosphate buffer, and 0 mM NacCl). but it showed extensive droplet aggregation and creaming (visual
This figure suggests adsorption of pectin molecules onto droplet surfaces phase separation) at 50 mM NaCl and higher. On the other hand,
as the pH is decreased. the secondary emulsion was stable to droplet aggregation from

was highly unstable to droplet aggregation broadened (pH 4.00 to 200 mM NaCl, after which there was an appreciable
to 55)7 which can be attributed to the fact that the salt further increase in pal’ticle diameter and visible Creaming. This instabil-
depressed the electrostatic repulsion between the droplets (31)ity could have been because of a reduction in the electrostatic
In particular, appreciable droplet aggregation was observed atrepulsion between the droplets and/or because pectin molecules
pH 5.5, which is the pH where the pectin first started to adsorb (Partially) desorbed from the droplet surfaces at these high salt
to the droplet surfaces when the pH was reduced froRigute concentrations due to the weakening of the electrostatic attrac-
5a). There was also a limited amount of droplet aggregation in tion between the polymer and droplets. These experiments show
the primary emulsions Containing 50 mM NaCl at pH 3.5 and that Secondary emulsions are more stable to salt than primary
at pH 6.0-7.0 (as indicated by an increase in mean particle €mulsions with the samé-potential.

diameter), which indicated that this level of salt promoted some  Numerical Calculations. In this section, we use the equations
flocculation even at pH values away from the pl. Previous for the van der Waals and electrostatic interaction potentials
studies with oil-in-water emulsions have shown {htg-coated described in eqs-13 to explore the influence of an adsorbed
droplets are unstable to droplet aggregation when surfacepolymer layer on the aggregation stability of oil droplets. In all
denaturation of the adsorbed protein molecules occdits-( of the calculations, it was assumed that the interactions occurred
43). between two oil droplets (= 0.1 um) coated by an interfacial
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Figure 6. (a) Dependence of droplet ¢-potential of primary and secondary
emulsions on NaCl concentration: 0.1 wt % corn oil, 0.005 wt % S-Lg,
0 or 0.02 wt % pectin, and 5 mM sodium phosphate buffer. The pH was
controlled so that both emulsions had approximately the same initial
C-potential: pH 5.7 for primary emulsion and pH 4.0 for secondary
emulsion. Any salt was added after pectin adsorption had occurred. (b)
Dependence of z-average particle diameter of primary and secondary
emulsions on NaCl concentration: 0.1 wt % corn oil, 0.005 wt % f-Lg,
0 or 0.02 wt % pectin, and 5 mM sodium phosphate buffer. The pH was
controlled so that both emulsions had approximately the same initial
C-potential: pH 5.7 for primary emulsion and pH 4.0 for secondary
emulsion. Any salt was added after pectin adsorption had occurred.

layer (0= 45 nm,® = 0.02) suspended in an aqueous solution

at ambient temperaturd & 30 °C). The values of the droplet
radius (r), interfacial thicknes®)), and interfacial packingd)
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Figure 7. Comparison of the van der Waals, electrostatic, and total
interaction potentials for (a) noncoated and (b) coated droplets. It was
assumed that W = 15mV, /=50 mM, r=0.1 um, 6 =45 nm, & =
0.02, and T = 30 °C.

At intermediate droplet separations, there was a maximum in
the interaction potential, which is usually referred to as the
repulsive energy barriemax. If this energy barrier is suf-
ficiently high, it will effectively prevent the droplets from
coming close enough together to aggregate on a reasonable time
scale. Predictions have shown that about 50% of the droplets
in an emulsion will flocculaten 1 h forwwax/KT ~ 10, in about

1 day forwwaxKT ~ 15, and in about 3 years fanya/kT ~ 20

(44). To prevent the particles in an electrostatically stabilized
system from aggregating, it is therefore necessary to ensure that
this energy barrier is sufficiently high. The value /KT
decreases with increasing ionic strength; for example, for the

used in the calculations were selected to be similar as thosenoncoated system shown Figure 7a, Wya/kT = 27, 21, 13,
determined in our experiments at pH 4. The physicochemical 8, and 3 forl = 0.01, 0.02, 0.05, 0.1, and 0.2 M. Consequently,

parameters used to calculate the droplet interactions syere
80, 2 and ® + 80(1 — ®); n = 1.333, 1.433, and 1.96 +
1.333(1— ®); andve = 3.0, 2.9, and 3.0« 10* s! for the
water, oil, and interfacial regions, respectivedl]. Here @ is

one would expect the emulsion to breakdown somewhere around
50—100 mM NaCl, which is what was observed in the
experimental study.

For the coated droplets, the electrostatic interaction was fairly

the fraction of the polymer in the interfacial layer, which varies similar to that in the noncoated droplets, but the van der Waals

from O for pure water to 1 for pure polymer.

interaction was almost completely absent at all separations

In this section, the term “noncoated” refers to bare oil (Figure 7b). T_his great redu_ction in the strength of the van dgr
droplets, whereas the term “coated” means oil droplets coveredYVaals attraction can be attributed to the fact that the interfacial

with a homogeneous interfacial layer. The noncoated droplets
should therefore represent the particles in the primary emulsion
used in this study (oil droplets coated with a thin protein layer),
whereas the coated droplets represent the particles in th
secondary emulsion (oil droplets coated by a thick protein

polysaccharide layer).

e

layer is largely water£98%). Thus, when the outer surfaces
of the coated droplets are touching, there has already been a
substantial reduction in the strength of the van der Waals
attraction between the two oil droplets inside. As a consequence,
the total interaction potential is dominated by the electrostatic
repulsion for coated droplets. This suggests that coated droplets
should be more stable to NaCl-induced aggregation than

The electrostatic, van der Waals, and total interaction noncoated droplets with the same electrical potential or that a

potentials for noncoated and coated droplets with the same|ower ¢-potential is needed to ensure emulsion stability for a
electrical potential ¥ = 15 mV) and ionic strengthl (= 50 coated droplet than for a noncoated droplet at the same ionic
mM) were calculatedRigure 7). For the noncoated droplets, strength. This prediction would therefore account for the
the van der Waals interaction becomes increasingly attractive experimental observation that secondary emulsions were more
with decreasing separation, whereas the electrostatic interactiorstable than primary emulsions to NaCl-induced aggregation
becomes increasingly repulsive (Figure 7a). The electrostatic when the droplets had the saifvpotential (Figure 3) and that
repulsion dominated at large droplet separations, whereas theat the same ionic strength secondary emulsions were more stable
van der Waals attraction dominated at close droplet separationsthan primary emulsions with highérpotentials (Figure 5).
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It should be noted that we used relatively dilute oil-in-water
emulsions (0.1 wt %) in this study to avoid bridging flocculation
effects and that at high droplet concentration$ (vt %) there
may be problems with preparing stable multilayer emulsions
(45).
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dielectric constanty is the refractive index, and: is the major
electronic absorption frequency in the ultraviolet region of the
electromagnetic spectrum.

The influence of electrostatic screening and retardation can
be taken into account using the following expressiéh, ¢6):

In conclusion, in this manuscript, the influence of electrostatic
interactions on the formation of stable multilayer emulsions
based on the electrostatic deposition of anionic polysaccharide
molecules onto the surfaces of protein-coated droplets was 1
examined. At relatively high pH values, the protein-coated 5.32 x 107h)]Aiik,v>0 (14)
droplets and polysaccharide molecules were both strongly ’

negatively charged and so no adsorption occurred. When theThe prefactors in the square brackets take into account the
pH was decreased, positive patches developed on the surfacénfluence of electrostatic screening #p-o and retardation on

of the prqtein-coated droplgts, which promoted adsorption of A . respectively. Here; is the Debye screening length (see
the negatively charged pectin molecules. In the absence of salttext).

the protein-coated droplets had a strong electrostatic repulsion
between them that prevented flocculation. Consequently, the ApPENDIX II

pectin molecules adsorbed onto the surfaces of individual - .
droplets leading to the formation of stable multilayer emulsions. When the electrostatic interaction between a charged surface

On the other hand, in the presence of salt, the electrostatic®d the counterions is relatively weak and there is no surface
repulsion between the protein-coated droplets was reduced,Charge regulation, thg surface charge density is simply related
which promoted flocculation. In this case, the pectin molecules 1© the surface potential (39):

adsorbed onto the surface of flocs, rather than individual
droplets. This study indicates that one must therefore be careful
to ensure that the primary emulsion is stable prior to adsorption
of the next polyelectrolyte layer. In future studies, it would be
useful to systematically identify and quantify the key molecular
characteristics of pectin required to provide a good protective
layer around protein-coated droplets, e.g., molecular weight
charge density (DE), and structure.

Ay =[e Ay 0 + |1 —5.32x 10'h In(l +

0= egekWss (11.2)

For aqueous solutions at room temperatures,3.29 x 10°/I
nm~1 and eg &~ 80 wherel is the ionic strength expressed in
moles per liter (31). Experimentally, one can usually replace
the surface potential with the-potential, i.e.Ws ~ ¢ . Hence,

' the above equation can be approximated by:

0~ 0.233V1¢ (11.2)
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We greatly thank Danisco for donating tffeLg used in this
study and Profs. Paul Dubin and Eric Decker for useful
discussions.

APPENDIX |

The Hamaker functions appropriate for a system consisting
of droplets (material 1) coated by interfacial membranes EOW1, = &m)y/l, +m
(material 2) that are suspended in a continuous phase (material
3) can be calculated using the equations given beRigufe This equation can be rearranged to give an expression for the
1) (46). The Hamaker function can be divided into a “zero- background ionic strength:
frequency” and a “frequency-dependent” contribution due to

(I1.3)

differences in the origin of the various van der Waal interactions = m[(@) _1] ' (11.4)
b .
(46): &(m)
Ak = Ajco=0 T A0 (1.1) This equation was used to predict the background ionic strength
of primary and secondary emulsions containing 0 or 50 mM as
where a function of pH. Over the pH range-3, we found that, was
equal to 23+ 5 mM for the primary emulsion (ignoring pH
A =§k € T &) €k T & (1.2) 4.0 and 4.5) and 23t 4 mM for the secondary emulsion
ijke=0"" 4 &+ e\t ¢ ) (ignoring pH 3.0 and 3.5). Some values were not included in
the calculations because the magnitude of ghmotential was
A0 = relatively small <20 mV), which would have caused large
2 2 2 2 errors.
3he, (0"~ (e — 1) The calculated values~23 mM) appear to be somewhat
8v2 (n? + nHM(nZ + nH" (0 + A" + 2+ n)H)M higher than what might be expected from knowledge of the
(1.3) solution composition. The ionic strength of the 5 mM phosphate

buffer solution used in this study is9 mM. Some mineral
impurities would come from the protein and polysaccharide used
to prepare the emulsions; however, the biopolymer levels used
were so small (8.1 wt %) that this mineral contribution would
have been expected to be smaifll( mM). In addition, there
may have been some additional ions coming from the acid or

The Ajx,—o0 term represents the nonscreened “zero-frequency”
contribution, and thej,~o term represents the nonretarded
“frequency-dependent” contributiod®). Here k is Boltzmann's
constant (1.38% 10723 J K1), T is the absolute temperature,
his Planck’s constant (6.626 10734 J s),¢ is the static relative
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base solutions used to adjust pH, but again, this contribution
would have been expected to be relatively small. The difference
between they, values calculated using the above approach and
those expected from the solution composition may have been

because some of the assumptions underlying the above theory

were not applicable. First, the linearized form of the Poisson—
Boltzmann equation is assumed in derivation of eq Il.1, which
is only valid for relatively low surface potentials<5 mV);

however, many of oug-potentials measurements were some-

what above this value. Second, the above approach assumes(15)

that the surface charge density is unaffected by salt (i.e., there
is no charge regulation), which may not be the case if
counterions are bound or released to the biopolymers in the

adsorbed layer when the ionic strength is changed. Despite the (16)

limitations mentioned above, this approach does appear to
provide a useful first approximation that provides some valuable
insights into the electrical characteristics of the adsorbed layers.
In addition, the above approach could be further developed using

more sophisticated mathematical models to increase its range

of applicability.
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