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Abstract The effectiveness of various biopolymer
emulsifiers at forming and stabilizing model beverage
emulsions was examined: f-lactoglobulin (BLG); gum
arabic (GA); conventional modified starch (MS-old); new
modified starch (MS-new). Orange oil-in-water emulsions
(5% oil) were prepared using high pressure homogeniza-
tion. For BLG, MS-new, MS-old and GA, the minimum
droplet diameters produced were 171, 254, 222 and
497 nm, while the minimum mass ratio of emulsifier-to-oil
required to produce small droplets were 0.5:5, 1:5, 3:5 and
5:5, respectively. The influence of pH (3-8), ionic strength
(0-500 mM NacCl, 0-50 mM CaCl,) and thermal treatment
(30-90 °C) on the stability of the emulsions was examined.
Extensive droplet aggregation occurred in BLG-stabilized
emulsions around their isoelectric point (pH =~ 5), at high
salt concentrations (=300 mM NaCl, >10 mM CaCl,, pH
7) and at high temperatures (>70 °C, 200 mM NaCl, pH 7)
due to changes in electrostatic and hydrophobic interac-
tions. There was little effect of pH, ionic strength and
temperature on emulsions stabilized by GA or MS due to
strong steric (rather than electrostatic) stabilization. The
new type of modified starch used in this study was capable
of forming stable emulsions with small droplet sizes at low
concentrations.
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Introduction

Many soft drinks and beverages come in the form of
oil-in-water emulsions that consist of small oil droplets
dispersed within an aqueous medium [1-4]. The type of
oil present within the droplets depends mainly on whe-
ther the beverage emulsion is of the “cloud” or “flavor”
type [4]. The droplets in cloud emulsions are comprised
primarily of non-flavor oils (e.g., vegetable oils or ter-
pene oils), whereas the droplets in flavor emulsions are
comprised of flavor oils (e.g., citrus oils) or mixtures of
flavor oils and non-flavor oils. In this study, we used
orange oil-in-water emulsions as model beverage emul-
sions. Orange oils have been used as flavoring agents
for many centuries [4, 5]. Recent studies have demon-
strated that phytochemicals found in orange oil may
also have health-promoting effects, such as anti-carcino-
genic and anti-inflammatory activities [6—8]. Emulsifying
orange oil may be a convenient means of incorporating it
into a wide variety of food products, thereby allowing
consumers to benefit from its potential health promoting
effects.

The droplets in beverage emulsions are stabilized by
emulsifiers, which are surface-active molecules that rapidly
adsorb to the surfaces of the oil droplets created during
homogenization. The emulsifiers play two key roles in
beverage emulsions: (1) facilitation of emulsion formation;
(2) improvement of emulsion stability [2, 9, 10]. The size
of the droplets produced during homogenization depends
on how quickly the emulsifiers adsorb to the droplet sur-
faces formed during homogenization, how effectively they
reduce the interfacial tension, and how good they are at
preventing droplet aggregation within the homogenizer.
The long-term stability of the resulting emulsions depends
on how effective the adsorbed emulsifier layer is at
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preventing droplet aggregation during storage, transport,
and utilization of the final product.

A variety of emulsifiers are available for application in
the food and beverage industries, including small molecule
surfactants, phospholipids, proteins, and polysaccharides
[11-13]. Previous studies have examined the influence of
different types and combinations of synthetic surfactants
on the formation and stability of model beverage emulsions
[14]. Nevertheless, there is particular interest in the utili-
zation of biopolymer emulsifiers rather than synthetic
emulsifiers, since these are often perceived to be more
“label friendly.” Two amphiphilic polysaccharides, gum
arabic and modified starch, are the most common bio-
polymer emulsifiers currently used in beverage emulsions
[4, 15-17]. Nevertheless, research has also shown that
proteins and protein/polysaccharide complexes can also be
used to successfully form and stabilize model beverage
emulsions [18-20].

Each type of biopolymer emulsifier has its own advan-
tages and disadvantages for forming and stabilizing emul-
sions. Typically, globular proteins are capable of creating
smaller emulsion droplets during homogenization than
polysaccharides, but the droplets formed are more sus-
ceptible to aggregation when environmental conditions are
changed, such as pH, ionic strength, and temperature [19].
Conversely, polysaccharides are capable of producing
emulsions that have excellent stability to changes in
environmental conditions, but they tend to form larger
droplets during homogenization and have to be used at
appreciably higher concentrations than proteins [19, 21].
For instance, it was shown that >12% gum arabic was
required to stabilize 20% orange oil-in-water emulsions
and that it was the high molecular mass protein-rich frac-
tion that preferentially adsorbed to the oil-water interface
[22, 23]. Since only a fraction of the gum arabic was
involved in the emulsification process, the total concen-
tration required to produce a stable emulsion was much
higher than for protein emulsifiers [24, 25].

Recently, there have been a number of technical inno-
vations in the production of modified starches, which has
led to the commercial availability of biopolymer emulsi-
fiers with improved functional performance. The purpose
of the current research is to compare the effectiveness of
globular protein, gum arabic, and two modified starch
emulsifiers at forming and stabilizing model beverage
emulsions. One of the modified starch emulsifiers has been
commercially available for some time (PURITY GUM™
2000), whereas the other has only been introduced recently
(PURITY GUM™ Ultra). The information produced by
this study will be useful for the selection of the most
appropriate biopolymer emulsifiers for application in food
and beverage emulsions.
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Materials and Methods
Materials

Orange oil was supplied by a food ingredient manufac-
turer (Givaudan Flavors Corporation, Cincinnati, OH).
Food grade f-lactoglobulin was obtained from Davisco
Foods International Inc. (Le Sueur, MN). Gum arabic
(GA) was donated by TIC Gums (Philadelphia, PA). Two
OSA modified starch (MS) samples were donated by the
National Starch and Chemical Company (Bridgewater,
NJ). The modified starch (PURITY GUM™ 2000) pro-
duced by the traditional approach was referred to as
“MS-old,” whereas the modified starch (PURITY
GUM™ Ultra) produced using the new approach was
referred to as “MS-new.” Sodium chloride, calcium
chloride, sodium citrate, and sodium azide were pur-
chased from Sigma Chemical Company (St. Louis, MO).
Double-distilled water was used to prepare all solutions
and emulsions.

Methods
Preparation of Oil-in-Water Emulsions

Aqueous phases were prepared by dispersing BLG, GA or
MS in aqueous buffer solutions (10.0 mM sodium citrate,
0.01 wt% sodium azide, pH 3.0). Orange oil-in-water
emulsions were prepared by homogenizing 5.0 wt% oil
phase with 95.0 wt% aqueous phase at ambient tempera-
ture (=25 °C). An emulsion pre-mix was prepared using a
high-speed blender (2 min, Biospec Products Inc., Bar-
tlesville, OK), which was then passed through a high
pressure microfluidizer (Model 101, Microfluidics, New-
ton, MA) three times at 9,000 psi. The influence of initial
emulsifier concentration (0.1-10 wt%) on the size of the
droplets produced using these homogenization conditions
was determined to compare the relative efficiency of dif-
ferent emulsifier types on emulsion formation. After these
experiments, we selected BLG, GA, and one MS (PURITY
GUM™ Ultra) for further study.

The Influence of Environmental Stresses on Emulsion
Stability

The stability of the various emulsions to pH, ionic strength,
and temperature was tested. Three 5 wt% orange oil-in-
water emulsions were prepared using different emulsifier
types and concentrations determined in preliminary
experiments described in the “Efficiency of Emulsion
Formation”: BLG (0.5 wt%); GA (10.0 wt%), MS
(1.0 wt%).
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e pH stability Emulsion samples were prepared in
aqueous buffer solutions, and then the pH was adjusted
to the desired final value (pH 2-8) using either NaOH
and/or HCI solution. Emulsion samples (10 ml) were
then transferred into glass test tubes (160 x 15 mm)
and stored at ambient temperature (25 °C) overnight
prior to analysis.

e Salt stability Emulsions (pH 7.0) were diluted with
different amounts of NaCl and buffer solution to form a
series of samples with the same droplet concentration,
but different salt concentrations (0-500 mM NaCl or
0-50 mM CaCl,). The emulsions were stirred for
30 min and then transferred into glass test tubes
(160 x 15 mm) and stored at ambient temperature
overnight prior to analysis.

e Stability to heating Emulsions (pH 7.0) were prepared
containing either 0 or 200 mM NaCl, and then 10-ml
samples were transferred into glass test tubes
(160 x 15 mm), which were stored in a water bath
for 30 min at a fixed temperature ranging from 30 to
90 °C. The emulsion samples were then immediately
placed at room temperature and stored overnight prior
to analysis.

It should be noted that the salt and thermal stability of
the model emulsions was tested at neutral pH in this study,
which is representative of some food and beverage emul-
sions, e.g., nutritional beverages and non-dairy creamers.
Nevertheless, it would be useful to examine the salt and
thermal stability of the model emulsions at other pH values
in future studies so as to better represent other categories of
food products, e.g., using an acidic pH for soft drinks.

Measurement of Emulsion Stability

Particle size The particle size distribution and mean droplet
diameter of diluted emulsions were measured by a com-
mercial dynamic light-scattering device (Nano-ZS, Malvern
Instruments, Worcestershire, UK). As stated by the manu-
facturer, this instrument measures the speed at which parti-
cles move through the solution due to Brownian motion and
then uses the Stokes-Einstein equation to convert this speed
into a particle size. Mean particle sizes were reported as
“Z-average” diameters (the scattering intensity-weighted
mean diameter), which were calculated from the signal
intensity versus particle diameter data. Samples were diluted
prior to making the particle size measurements to avoid
multiple scattering effects with sodium citrate buffer (at the
same pH and ionic composition as the initial sample) using a
dilution factor of 1:100 sample to buffer to reach an instru-
ment attenuation factor of ~6.

{-potential The electrical charge ({-potential) of lipid
droplets in the emulsions was determined using a particle

electrophoresis instrument (ZEN3600, Nano-series, Zeta-
sizer, Malvern Instruments, Worcestershire, UK). The
manufacturer states that this instrument uses a combination
of laser Doppler velocimetry and phase analysis light
scattering to measure particle electrophoretic mobility. A
mathematical model known as the “Henry equation” is
then used to convert the measured electrophoretic mobility
into a {-potential based on the Smoluchowski approxima-
tion. Emulsions were diluted until they gave an instrument
attenuation factor of ~ 6 using buffer solution at the same
pH and NaCl concentration as the initial sample. The
emulsions were agitated prior to analysis to ensure that
they were homogeneous.

Creaming index Emulsion samples (10 ml) were placed
in glass test tubes (16 x 150 mm) and then stored at
ambient temperature for 7 days before analysis. The sus-
ceptibility of the emulsions to creaming was ascertained by
measuring the height of the boundary layer between the
opaque droplet-rich layer at the top and the transparent or
turbid droplet-depleted layer at the bottom of the test tubes.
Creaming results are reported as the Creaming Index
(CD) = 100 x (height of interface)/(height of total
emulsion).

Statistical analysis All measurements were performed
on three freshly prepared samples and are reported as
means and standard deviations.

Results and Discussion
Efficiency of Emulsion Formation

The purpose of our initial experiments was to establish the
relative efficiency of the different types of biopolymer
emulsifier at forming emulsions during homogenization. In
particular, we aimed to determine the minimum droplet
diameter (d,,;,) that could be produced by a given emul-
sifier under standardized homogenization conditions and to
determine the minimum amount of emulsifier (Cp,;,) nee-
ded to achieve a relatively small particle size. The value of
dmin Was defined as the lowest droplet size that could be
produced in the emulsifier range used, whereas Cy,;, was
defined as the minimum emulsifier concentration required,
attaining a droplet diameter within 10% of d;,.

Model beverage emulsions were prepared by homoge-
nizing 5% orange oil with 95% aqueous phases containing
different emulsifier types and concentrations under stan-
dardized homogenization conditions. The dependence of
the mean droplet diameter (Z-average) of the resulting
emulsions on initial emulsifier concentration was then
measured 3 h after homogenization. The mean droplet
diameter tended to decrease as the emulsifier concentration
was increased (Fig. 1), which can be attributed to the fact
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that interfaces become saturated more rapidly at higher
emulsifier concentrations, and there was more emulsifier
available to cover all the oil-water interfaces formed during
homogenization [9, 10, 26]. Typically, the dependence of
the mean droplet diameter after homogenization on the
initial emulsifier concentration can be divided into two
regimes: region I—the droplet size progressively decreases
with increasing emulsifier concentration, because there is
insufficient emulsifier present to cover all the newly cre-
ated droplet surfaces; region II—the droplet size remains
fairly constant, because there is more than enough emul-
sifier present to cover all of the droplets formed [2]. In
region I, the droplet diameter is limited by the total amount
of emulsifier available to cover the oil-water interface
formed, but in region II the droplet diameter is limited by
the maximum disruptive forces generated by the homoge-
nizer [27, 28]. The BLG, MS-new, and MS-old appeared to
follow this kind of behavior. The emulsifier concentration
demarked regions I and II, and was found to be about 0.1%
for BLG, 1% for MS-new, and 3% for MS-old (Fig. 1). It
corresponded to the calculated C,;, values. On the other
hand, the decrease in the mean droplet diameter with
increasing emulsifier concentration was more gradual for
gum arabic, and no clear distinction could be made
between regions I and II. In this case, Cy,;, corresponded to
the highest level (10%) of gum arabic used. The minimum
droplet diameter that could be produced also depended on
emulsifier type, e.g., d = 171, 254, 222, and 497 nm for
BLG, MS-new, MS-old, and GA, respectively. In the

-e- BLG

-0~ Gum Arabic

-m MS-old

- MS-new

1000 -

Mean Particle Diameter (nm)

100

Emulsifier Concentration (wt%)
Fig. 1 Influence of emulsifier concentration on the mean particle

diameter of orange oil-in-water emulsions produced by homogeniza-
tion under standardized homogenization conditions
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remainder of the experiments we prepared model beverage
emulsions using emulsifier concentrations capable of pro-
ducing small droplet sizes without having too much excess
emulsifier present in the aqueous phase, i.e., 0.5% BLG,
1% MS-new, and 10% GA. We did not carry out further
experiments with the MS-old sample, since this required
about three times more emulsifier than the MS-new sample.

Influence of pH on Emulsion Stability

Commercially, beverage emulsions may have aqueous
phases that vary in pH—although soft drinks tend to be
acidic, some nutritional beverages may have pH values
close to neutral. We therefore examined the influence of
pH on the physicochemical properties of orange oil
emulsions stabilized by BLG, GA, and MS. The mean
droplet diameter (Z-average) of the BLG-stabilized emul-
sions was around 180 nm at relatively low (pH 2 and 3)
and high (pH 6-8) pH values (Fig. 2a). Nevertheless, a
large increase in mean particle diameter was observed
around the isoelectric point (4 < pH < 5) of the BLG. On
the other hand, the mean droplet diameter of GA-stabilized
emulsions (d ~ 600-650 nm) and MS-stabilized emul-
sions (d ~ 230-270 nm) remained relatively constant
from pH 2-8 (Fig. 2a). The particle size measurements
were supported by creaming stability measurements,
which indicated that BLG-stabilized emulsions were
highly unstable to creaming at pH values around their
p! but stable at higher and lower pH values, whereas GA-
and MS-stabilized emulsions were stable across the entire
pH range studied (data not shown). These results are in
agreement with earlier studies of the pH-stability of bio-
polymer-stabilized oil-in-water emulsions [19, 29, 30].
The poor stability of the BLG-stabilized emulsions around
the proteins isoelectric point can be attributed to a
reduction in the electrostatic repulsion between the drop-
lets [2]. The good pH-stability of the MS- and GA-stabi-
lized emulsions can be accounted for by the fact that the
lipid droplets are coated by a relatively thick layer of
hydrophilic polysaccharide molecules that protrude into
the aqueous phase, and hence they are largely stabilized by
steric repulsion rather than electrostatic repulsion [2, 19].
In addition, the presence of the thick polysaccharide layer
decreases the magnitude of the attractive van der Waals
forces between the droplets [31].

The pH-dependence of the droplet {-potential for the
three types of emulsion is shown in Fig. 2b. The {-potential
of the BLG-stabilized droplets went from highly positive at
low pH to highly negative at high pH, with a point of zero
charge between pH 4 and 5. This pH dependence of the
droplet charge is due to the fact that the isoelectric point
(pl) of the adsorbed layer of BLG molecules is around pH 5
[19, 29, 30, 32]. At relatively high H' concentrations
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Fig. 2 a Influence of pH on the mean particle diameter of orange oil-
in-water emulsions stabilized by f-lactoglobulin, gum arabic, or MS-
new (0 mM salt). b Influence of pH on the droplet charge ({-potential)
of orange oil-in-water emulsions stabilized by f-lactoglobulin, gum
arabic, or modified starch (0 mM salt)

(pH < pl), the amino groups are positively charged
(-NH;™), and the carboxyl groups are neutral (—COOH), so
the net protein charge is positive. At relatively low H™
concentrations (i.e., pH > pl), the carboxyl groups are
negatively charged (-COO™), and the amino groups are
neutral (-NH,) so the net protein charge is negative. At the
pl, the number of positively and negatively charged groups
on the protein is balanced, and so the protein has no net
charge. The interfacial layers formed by globular proteins
tend to be relatively thin (a few nm thick), and so this type
of biopolymer emulsifier tends to stabilize emulsions
mainly by electrostatic (rather than steric) repulsion.
Hence, when the protein loses its net charge around the pl,
the stability of the droplets to aggregation is greatly

reduced since the attractive van der Waals forces then
dominate. The (-potentials of the lipid droplets coated by
GA and MS were negative at all pH values (Fig. 2b), which
can be attributed to the presence of some negatively
charged side groups (-COO7™) on these polysaccharide
molecules [3]. Interestingly, the GA had a much higher
negative charge than the MS at all pH values, which sug-
gests that the linear charge density of the gum arabic was
higher than the modified starch. This may have important
consequences for the interactions of biopolymer-coated
lipid droplets with other charged species in food and bev-
erage systems, such as transition metals that promote lipid
oxidation. For example, it has been shown that negatively
charged droplets attract positively charged transition met-
als to lipid droplet surfaces, which promotes lipid oxidation
[33, 34]. There was an appreciable reduction in the nega-
tive charge on the GA- and MS-coated lipid droplets when
the pH was reduced below about 5, which can be attributed
to the fact that this solution pH moved around and below
the pK, values of the carboxyl groups so that they lost some
of their negative charge. This result is in agreement with
previous studies of the electrical charge of amphiphilic
polysaccharides, which also found that their negative
charge increased with increasing pH [35].

Influence of Ionic Strength on Emulsion Stability

The ionic strength of emulsified foods and beverages may
vary considerably depending on the nature of the food
products in which the oil droplets are present. We therefore
examined the influence of ionic strength (0-500 mM NaCl;
0-50 mM CaCl,) on the stability of orange oil emulsions
stabilized by the three different kinds of biopolymer
emulsifier. In the absence of salt, the mean droplet diam-
eters (Z-average) of the emulsions were initially = 180,
270, and 600 nm for BLG, MS, and GA, respectively.
There was little change in the particle size of the emulsions
stabilized by gum arabic or modified starch with increasing
ionic strength for both NaCl (Fig. 3a) and CaCl, (Fig. 4a),
which can be attributed to the fact that these emulsions are
primarily stabilized by steric repulsion rather than elec-
trostatic interactions [2]. On the other hand, there was an
appreciable increase in the mean particle diameter of the
BLG-stabilized emulsions at NaCl >300 mM (Fig. 3a) and
CaCl, =10 mM (Fig. 4a). This droplet aggregation
observed at higher salt concentrations is due to a reduction
in the electrostatic repulsion between the protein-coated
droplets caused by electrostatic screening and ion binding
effects [2]. Above a critical salt level, the electrostatic
repulsion is no longer strong enough to overcome the
attractive interactions (van der Waals and hydrophobic)
acting between the droplets. Visual observations of the
emulsions containing different salt levels indicated that a
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Fig. 3 a Influence of NaCl concentration on the mean particle
diameter of orange oil-in-water emulsions stabilized by f-lactoglob-
ulin, gum arabic, or modified starch (pH 7.0). b Influence of NaCl
concentration on the droplet charge ({-potential) of orange oil-in-
water emulsions stabilized by f-lactoglobulin, gum arabic, or
modified starch (pH 7.0)

distinct cream layer formed on top of the BLG-stabilized
emulsions at higher salt levels, but that the rest of the
emulsions were relatively stable to gravitational separation
(data not shown).
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Fig. 4 a Influence of CaCl, concentration on the mean particle
diameter of orange oil-in-water emulsions stabilized by f-lactoglob-
ulin, gum arabic, or modified starch (pH 7.0). b Influence of CaCl,
concentration on the droplet charge ({-potential) of orange oil-in-
water emulsions stabilized by f-lactoglobulin, gum arabic, or
modified starch (pH 7.0)

For the BLG stabilized emulsions, there was a decrease
in the magnitude of the negative {-potential on the droplets
with increasing salt concentration (Figs. 3b, 4b), which
can be attributed to electrostatic screening and ion-binding
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effects [36]. Counter-ions (Na™ and Ca®") in the aqueous
phase accumulate loosely around the negatively charged
groups (—COQO™) on the protein surface due to electrostatic
attraction, thereby screening their net charge. In the case
of multivalent counter-ions (such as Ca’"), the surface
charge may also be reduced due to ion-binding effects,
which would account for the larger initial decrease in
{-potential observed in the BLG-stabilized emulsions for
Ca”" ions (Fig. 4b) than for Na™* ions (Fig. 3b). Interest-
ingly, there was little change in the (-potential of the
emulsions stabilized by GA or MS with increasing salt
concentration (Figs. 3b, 4b), which may be attributed to
charge compensation effects, such as a change in the
interfacial structure or composition with increasing ionic
strength [36].

Influence of Thermal Processing on Emulsion Stability

Many emulsified food products go through some type of
thermal process during their manufacture or utilization,
e.g., sterilization, pasteurization, or cooking. We therefore
investigated the influence of heat treatment (30-90 °C,
20 min) and salt concentration (0 or 200 mM NaCl) on the
particle size (d43), (-potential, and creaming stability of
model beverage emulsions stabilized by BLG, GA, and MS
at pH 7. A concentration of 200 mM NaCl was selected
since the BLG-stabilized emulsion was just stable to
droplet aggregation at this salt level at ambient temperature
(see Fig. 3b). We postulated that these emulsions would
become unstable after heating because of the resulting
increase in hydrophobic attraction between the droplets.
The NaCl was added to the emulsions before they were
subjected to heat treatment, since this has previously been
shown to have the biggest negative impact on emulsion
stability for globular protein-stabilized emulsions [37, 38].

In the absence of added salt, all the emulsions were
relatively stable to droplet aggregation and creaming after
heat treatments with little change in mean particle diame-
ter, and no visible evidence of phase separation was
detected (data not shown). For example, after heat treat-
ments ranging from 30 to 90 °C, the mean droplet diam-
eters (dy3) of the emulsions were ~ 169 + 2,265 + 3, and
622 4+ 9 nm for BLG, MS, and GA, respectively. In the
presence of added salt (200 mM), the BLG-stabilized
emulsions became unstable to droplet aggregation when
they were heated above 60 °C, as demonstrated by an
appreciable increase in mean particle diameter (Fig. 5) and
evidence of creaming (data not shown). The instability of
the BLG-emulsions to heating in the presence of salt can be
attributed to thermal denaturation of the globular proteins
adsorbed to the lipid droplet surfaces [37-39]. When the
BLG molecules unfold, they expose non-polar groups to
the surrounding aqueous phase, which increases the surface
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Fig. 5 Influence of holding temperature on the mean particle
diameter of orange oil-in-water emulsions stabilized by f-lactoglob-
ulin, gum arabic, or modified starch (200 mM NaCl, pH 7.0)

hydrophobicity of the droplets and promotes aggregation
through hydrophobic attraction [38]. In addition, sulfhydryl
groups are also exposed when the protein is heated above
its thermal denaturation temperature, which promotes
droplet-droplet aggregation through covalent disulfide
bonds [40]. In the absence of salt, the electrostatic repul-
sion is strong enough to overcome the hydrophobic and van
der Waals attraction, but in the presence of salt, the addi-
tional hydrophobic attraction associated with protein
unfolding promotes droplet aggregation [2]. The GA-and
MS-stabilized emulsions did not exhibit extensive droplet
aggregation or creaming at either 0 or 200 mM NaCl
(Fig. 5), which can be attributed to the fact that they are
stabilized primarily by polysaccharides that do not unfold
to expose non-polar groups at higher temperatures.

Conclusions

This study has characterized the influence of biopolymer
emulsifier type (BLG, MS, GA) on the formation and sta-
bility of model beverage emulsions. The minimum droplet
size achievable (d,,;,) and the minimum amount of emul-
sifier-to-0il (R;,) required to produce small droplets
depended on emulsifier type. For BLG, MS-new, MS-old,
and GA: d,;, values were 171, 254, 222, and 497 nm and
Ruin values were 1:10, 1:5, 3:5, and 1:1, respectively.
Although the protein emulsifier (BLG) was better at
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producing small droplets at low emulsifier concentrations
during homogenization than the two polysaccharides (MS
and GA), it was much more susceptible to droplet aggre-
gation when environmental or solution conditions were
altered. Extensive droplet aggregation occurred in the BLG-
stabilized emulsions around their isoelectric point (pH 5), at
high salt concentrations (=300 mM NaCl, >10 mM CaCl,,
pH 7), and at high temperatures (>70 °C, pH 7, 200 mM
NaCl), which was attributed to changes in electrostatic and
hydrophobic interactions between droplets. On the other
hand, there was little change in particle size when emulsions
stabilized by either GA or MS were exposed to changes in
pH, ionic strength, or temperature, which was attributed to
strong steric (rather than electrostatic) stabilization. This
study showed that model beverage emulsions with good
stability to a range of environmental stresses and solution
conditions could be formed using food grade biopolymers.
In particular, we demonstrated that a new form of modified
starch can form stable emulsions with small droplet diam-
eters (d < 300 nm) at relatively low emulsifier-to-oil levels
(1:5). The information generated in this study will be useful
for the selection of the biopolymer emulsifiers for use in
food and beverage emulsions.
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