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Oil-in-water (O/W) emulsions containing small oil droplets (ds, =~ 0.22 um) stabilized by sodium dodecyl
sulfate (SDS)—fish gelatin (FG) membranes were produced by an electrostatic deposition technique.
A primary emulsion containing anionic SDS-coated droplets ({ ~ —40 mV) was prepared by
homogenizing oil and emulsifier solution using a high-pressure valve homogenizer (20 wt % corn oll,
0.46 wt % SDS, 100 mM acetic acid, pH 3.0). A secondary emulsion containing cationic SDS—FG-
coated droplets ({ ~ +30 mV) was formed by diluting the primary emulsion with an agueous fish
gelatin solution (10 wt % corn oil, 0.23 wt % SDS, 100 mM acetic acid, 2.00 wt % fish gelatin, pH
3.0). The stabilities of primary and secondary emulsions with the same oil concentration to thermal
processing, ionic strength, and pH were assessed by measuring particle size distribution, ¢ potential,
microstructure, destabilized oil, and creaming stability. The droplets in secondary emulsions had good
stability to droplet aggregation at holding temperatures from 30 to 90 °C for 30 min, [NaCl] < 100
mM, and pH values from 3 to 8. This study shows that the ability to generate emulsions containing
droplets stabilized by multilayer interfacial membranes comprised of two or more types of emulsifiers,
rather than a single interfacial layer comprised of one type of emulsifier, may lead to the development
of food products with improved stability to environmental stresses.
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INTRODUCTION type of emulsifier varies in its effectiveness at producing small
oil droplets during homogenization and in its ability to prevent

of Itzr?;ulsn'?gsoﬁéglghign;%gnbﬂ]'Ce"’glz g_r;s;zggle 2¥§:engzsbeesca§r?§droplet aggregation under various environmental stresses such
<o the uwillvalwa s break dowr\lNover tilmé 4WCon\?ention-’ as pH, ionic strength, heating, freezing, and drying. For example,

Y. Y . t4). .. some emulsifiers are highly effective at generating small
ally, oil-in-water (O/W) emulsions are created by homogenizing

an oil phase and an aqueous phase together in the presence 0efmulsmn droplets during homogenization but are less effective

one or more emulsifiers, because emulsifiers increase the short-at providing long-term stability against droplet aggregation and

and long-term kinetic stability of food emulsion systemss). vice versa (8). Consequently, there is no single emulsifier ideal
Emulsifiers are surface-active ingredients that adsorb at inter- for every type of food product.
faces and facilitate the production of small droplets by lowering ~ Recently, our laboratory has utilized a technology that enabled
the interfacial tension during homogenizati@nl). Emulsifiers us to combine the beneficial attributes of different kinds of
also improve the stability of emulsions to droplet aggregation €mulsifiers to create emulsions with improved stability to
by generating repulsive forces between the droplets and/or by€nvironmental stresses (12—18). This technique is based on
forming interfacial membranes around the droplets that are layer-by-layer deposition of polyelectrolytes onto oppositely
resistant to rupture (4—@). charged surfaces or colloidal particles due to electrostatic
A wide variety of synthetic and natural emulsifiers, including  attraction. This technology provides food scientists with an
small-molecule surfactants, phospholipids, proteins, and polysac-€xtremely powerful new method of improving the resistance
Charides’ is |ega||y available for utilization in food emulsions of food emulsions to environmental stresses. Nevertheless, itis
(9—11). However, these emulsifiers have considerably different €ssential to select an appropriate combination of emulsifier and
abilities to form and stabilize emulsions. In other words, each biopolymer to create a stable emulsion with the desired
physicochemical characteristics.

*To whom correspondence should be addressed. Tel:413-545- m this study, we intend to prep_are_emulsi(_)ns containing
1019. Fax: +1-413-545-1262. E-mail: mcclements@foodsci.umass.edu. cationic droplets surrounded by thick interfacial membranes
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using the electrostatic deposition technique described above.20 mM (0.58 wt %) SDS into the stock buffer solution and stirring
Emulsions containing cationic droplets coated with relatively overnight to ensure complete dissolution. An FG solution was prepared
thick interfacial layers may have important applications in the by dispersing 4.0 wt % FG into the same buffer (pH 3.0) and stirring
food industry, because they could provide better stability to overnight to ensure complete hydratlo_n. The pH of these two solutions
particle aggregation (19—23) and lipid oxidation (24—26) than s then adjusted back to pH 3.0 using 1 M HCI.
those coated with thinner layers or those containing anionic Emulsion Preparation. An oil-in-water emulsion was prepared by

: : blending 20 wt % corn oil and 80 wt % aqueous emulsifier solution
droplets. For this reason, we selected sodium dodecyl! sulfate i .

- ! . . ..~ (0.58 wt % SDS, pH 3.0) together using a high-speed blender (M133/
E)?()[;)%)Iya:l:rn f?)rr]I(;)rll‘gpzurg?igf’largfa{]v(\jofllsarl]ygfgidtlri]n(tZ?f;?:izllar(;?etlr(r)ltuclzgl_o’ Biospec Products, Inc., ESGC, Switzerland) for 2 min. This

e coarse emulsion was then passed through a two-stage high-pressure
branes. SDS was chosen as a model anionic surfactant, becausgyve homogenizer (LAB 1000, APV-Gaulin, Wilmington, MA) three

its physicochemical properties have been widely studied andtimes: 4500 psi at the first stage and 500 psi at the second stage. A
reported in the literature. It should be noted that SDS is not a 0.04 wt % portion of sodium azide (Naj\was added to the emulsion
food-grade emulsifier, but it does represent a number of small- as an antimicrobial agent. This primary emulsion (20 wt % corn oil,
molecule anionic surfactants that are commonly used in foods, 0.46 wt % SDS, pH 3.0) was diluted with an aqueous FG stock solution
such as fatty acid salts, lecithin, SLS, DATEM, and CITREM (4.0 wt %, pH 3.0) and 100 mM acetate buffer solution to yield
(11). Previously, we have shown that SDS rapidly adsorbs to s_econdary emulsions with the following compositions: 1Q wit % corn
the surfaces of lipid droplets formed during homogenization to ©': 0-23 Wt % SDS, 0-2.0 wt % FG, and 100 mM acetic acid (pH
produce primary emulsions containing small anionic droplets. 3.0). The secondary emulsions were stirred for 10 min with or without

On the basis of . K with other bi | subsequent ultrasound treatment for 60 s at a frequency of 20 kHz, an
n the basis of our previous work with other biopolymers, we amplitude of 40%, and a duty cycle of 0.5 s (Model 500 sonic

expected that addition of cationic FG to this primary emulsion gismembrator, Fisher Scientific, Pittsburgh, PA). Emulsions were then
would produce secondary emulsions containing cationic dropletsstored at ambient temperature for 24 h before being analyzed.
coated with two-layered interfacial membranes. FG is regarded  gmyision Environmental StressesWe compared the influence of
as a potential stabilizer for food emulsions because of its unique environmental stresses (temperature, ionic strength, and pH) on the
functional attributes, natural abundance, and underutilization mean particle diamete, potential, microstructure, oil destabilization,
(27—-30). and creaming stability of primary and secondary emulsions with same
Another possible application of the layer-by-layer deposition oil concentration.

method mentioned above is to improve the stability of emulsified = Thermal ProcessingThe primary emulsions were diluted with 100
oils to lipid oxidation. In a previous study, our laboratory mM acetic acid buffer (pH 3.0) to adjust the oil concentration to the
developed a technology that used proteins (whey, casein, soy)same value as in the segondary emulsion (lO_Wt %). Emulsion samples
to produce relatively thick cationic emulsion dropledd). This (1Q g) were transferrgd into glass test tubes (mternal diameter 15 mm,
thick and positively charged (at pH pl) membrane can be hglght 1_25 mm), which were the_n incubated !n a water bath_for 30
used to produce physically and oxidatively stable emulsions. ™" &t different temperatures ranging from 30 ("D After incubation

. . the emulsion samples were immediately placed at room temperature,
However, most proteins h_ave pl values in the range of-8.5 where they were stored for 24 h prior to analysis.
and, thus, cationic emulsion droplets can only be produced at

. NaCl Stability.Primary and secondary emulsion samples were diluted
pH values below 4.0. On the other hand, FG has a relatively with 100 mM acetic acid buffer (pH 3.0) to obtain the same final oil

high isoelectric point (pk 7.0) (32), and so it was selected as  concentration (2.0 wt %) but different NaCl concentrations §00

the outer layer for preparation of secondary emulsions which mm). Emulsion samples (10 g) were then transferred into glass test

would potentially have cationic droplets over a wider pH range. tubes (internal diameter 15 mm, height 125 mm) and stored at room
The primary objective of the current investigation was to temperature for 24 h before being analyzed.

improve the physical stability of conventional monolayered  pH Stability.Primary and secondary emulsion samples were diluted
emulsions to environmental stresses by incorporating FG as awith 100 mM acetic acid buffer (pH 3.0) to obtain the same final oil
second layer. We prepared and characterized O/W emulsionsconcentration (2.0 wt %). The pH of the diluted primary and secondary
stabilized by SDSFG membranes created by electrostatic emulsions was then adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0 using
deposition. In particular, we compared the stabilities of the NaOH solutions. T_he emulsions were then stored at room temperature
primary and secondary emulsions to thermal processing, ionic for 24 h before being analyzed.
strength, and pH. Particle Size MeasurementsTo avoid multiple scattering effects,
emulsions were diluted to a droplet concentration of approximately
~0.005 wt % using buffer solution at the pH and NaCl concentration
MATERIALS AND METHODS of the sample and stirred continuously throughout the measurements
Materials. Sodium dodecyl sulfate (SDS), analytical grade sodium to ensure the samples were homogeneous. The particle size distribution
chloride (NaCl), hydrochloric acid (HCI), sodium hydroxide (NaOH), of the emulsions was then measured using a laser light scattering
Oil Red O, and sodium azide (NgNwvere purchased from the Sigma  instrument (Mastersizer, Malvern Instruments, Worcestershire, U.K.).
Chemical Co. (St. Louis, MO). Acetic acid was purchased from Fisher This instrument measures the angular dependence of the intensity of
Science (Chicago, IL). Food/pharmaceutical grade dry fish gelatin (FG) laser light (1= 632.8 nm) scattered by a dilute emulsion and then
was obtained from Norland Products Inc. (Lot # 1253KD, Cranbury, finds the particle size distribution that gives the best fit between
NJ). As stated by the manufacturer, the fish gelatin (solids, 85% experimental measurements and predictions based on light scattering
minimum; weight loss on drying, 15% maximum; total ash, 2.0% theory. The particle size was reported as volume-surface mean diameter,
maximum; heavy metalss10 ppm; arsenic<0.8 ppm; chromium, ds2 (=3 nidi¥y nid?, wheren; is the number of particles with diameter
<10 ppm; lead,<1.5 ppm; sulfur dioxide<50 ppm), type A gelatin, d), or volume-weighted mean diametety; (=Y nidi%/3nid®). All
was prepared by acid hydrolysis of collagen from cod skins. The average measurements were made on at least two freshly prepared samples,
molecular weight was 60 kDa, and the isoelectric point (IEP) was and results are reported as averages and standard deviations. It should
around 7. Corn oil was purchased from a local supermarket and usedbe noted that the theory used to calculate the particle size distribution
without further purification. Distilled and deionized water was used assumes that the particles are spherical and homogeneous, but the
for the preparation of all solutions. particles in emulsions containing flocs are nonspherical and non-
Solution Preparation. A stock buffer solution was prepared by  homogeneous. In addition, dilution and stirring are likely to disrupt
dispersing 100 mM acetic acid into water and then adjusting the pH to weakly flocculated droplets, and stirring may form large oil droplets
3.0 using 1 M HCI. An emulsifier solution was prepared by dispersing in emulsions that exhibit extensive oiling off. Therefore, the particle
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size data on flocculated and highly coalesced emulsions should be 50
interpreted with caution. 40 || -C—Before sonication
¢ Potential Measurements.The prepared emulsions were diluted 30 | | After sonication

to a droplet concentration of approximatei).005 wt % using buffer
solution at the pH and NaCl concentration of the sample.ZThetential

of the emulsion was determined using a particle electrophoresis
instrument (ZEM5003, Zetamaster, Malvern Instruments, Worcester-
shire, U.K.), measuring the direction and velocity of droplet movement
in the applied electric field. The potential was reported as the average

¢-Potential (mV)
o

and standard deviation of measurements made on two freshly prepared -30
samples, with five readings taken per sample. 40 -
Optical Microscopy. Emulsions were gently agitated in a glass test -50
tube before analysis to ensure that they were homogeneous. A drop of 85 8§38&8IKE8EKE S8
o O O O O O O © O O «~ «~

emulsion was placed on a microscope slide and then covered with a .
cover slip. The microstructure of the emulsion was then observed using Gelatin (wt %)

conventional optical microscopy (Nikon microscope Eclipse E400, Figure 1. Dependence of electrical charge of emulsion droplets (&
Nikon Corp., Japan). The images were acquired using a CCD camerapgtential) on fish gelatin (FG) concentration for secondary emulsions (10
(CCD-300-RC, DAGE-MTI, Michigan City, IN) connected to Digital o4 com oil, 0.23 wt % SDS, 100 mM acetic acid, pH 3.0) after dilution
Image Processing Software (Micro Video Instruments Inc., Avon, MA) with buffer solution
installed on a computer. '
Destabilized Oil Measurements.The amounts of destabilized oil 5.0
present in the emulsions were determined using the dye dilution -1 Before sonication
technique described in detail by Palanuwech e38). Emulsions were 40 —i— After sonication
agitated in a glass test tube before analysis to ensure that they were ’
homogeneous. A 3 gortion of corn oil containing a known amount
of oil-soluble red dye (0.0015 wt % Oil Red O) was added to the top
of 5 g of theemulsion to be tested. Samples were mixed by vortexing
for 30 s and then centrifuged at 20 000 rpm for 20 min at@%Sorvall
Centrifuges T-1270, DuPont Co., Wilmington, DE). The dyed free oil
on top of the emulsion was removed with a pipet and placed into a 1.5
mL cuvette, where its absorbance was measured at 517 nm usirg UV
visible spectrophotometer (UV-2101 PC, Shimadzu Corp., Japan). The
percentage of destabilized oil fgwas calculated using the equation 0.0
¢4 (%) = 100m(a — 1)/mep, wherem, is the mass of added dye
solution,me is the mass of the emulsiog,is the mass fraction of oll
in the emulsion, ané is the ratio of the absorbance of the standard Gelati
dye solution to that of the dye solution extracted from the top of the

3.0

d32 (um)

0.00
0.01
0.02
0.04
0.06
0.08
0.12
0.20
0.40
0.80
1.20
1.60
2.00

=

(wt %)

15.0

emulsion sample. —
Creaming Stability Measurement.A 10 g amount of the emulsion iiﬁ;‘?’:;‘i’;‘ﬁ?"

was transferred into a test tube (internal diameter 15 mm, height 125 120 ¢

mm), which was tightly sealed with a plastic cap and then stored for

1 day and 7 days at room temperature. After storage, emulsions were E 90t

separated into an optically opaque “cream” layer at the top and a i—‘

transparent (or turbid) “serum” layer at the bottom. We defined the =5 60

serum layer as the sum of the turbid and transparent layers. The total

height of the emulsionsHg) and the height of the serum layedd) 30

were measured. The extent of creaming was characterized by serum

(%) = 100(Hy/HE). The percent of serum provided indirect information 00 . Lo

about the extent of droplet aggregation in an emulsion. All measure- 2583889823888

ments were made on at least two freshly prepared samples. SO 00 oS oo S oo o - «— A
Statistical Analysis.Experiments were performed twice using freshly Gelatin (wt %)

prepared samples. Averages and standard deviations were calculated. . ) )

from these duplicate measurements. Figure 2. Dependence of mean particle diameters on FG concentration

for secondary emulsions (10 wt % corn oil, 0.23 wt % SDS, 100 mM
RESULTS AND DISCUSSION acetic acid, pH 3.0) after dilution with buffer solution: (a, top) ds;

. . ) (b, bottom) dys.
Influence of Fish Gelatin (FG) Concentration on Droplet

Characteristics and Stability of Secondary EmulsionsThe is ~7.0. The net charge on the droplets therefore switched from
purpose of these experiments was to establish the optimum FGnegative to positive as the FG concentration in the emulsions
concentration required to prepare stable secondary emulsionswas increased (Figure 1). The droplet charge was neutralized
The electrical charge, mean particle diameter, microstructure, at ~0.04 wt % FG concentration for nonsonicated emulsions
and oil destabilization of secondary emulsions (10 wt % corn and~0.08 wt % for sonicated ones, which corresponded to FG-
oil, 0.23 wt % SDS, 100 mM acetic acid buffer, pH 3.0) to-SDS mass ratioR) of ~0.17 and~0.35 g/g, respectively.
containing different FG concentrations—<2.0 wt %) were The charge on the droplets eventually reached a relatively
measured (Figures 1—4). constant positive value~+30 mV) when the FG concentration
In the absence of FG, the net charge on the emulsion dropletsexceeded about+0.20 wt % R ~ 0.87 g/g). The ability of

was~—40 mV, because the SDS used to stabilize the droplets charged polyelectrolytes to adsorb to the surface of oppositely
in the primary emulsion has a negative charge at pH 3. On the charged colloidal particles and cause charge reversal is well
other hand, the FG used to prepare the secondary emulsion®stablished in the literatur&4—38). We should mention that
has a positive charge at pH 3 because its isoelectric point (pl) the observed change in interfacial composition of the emulsion
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cated that there was evidence of droplet coalescence and/or
flocculation in many of the emulsions containing between 0.01
and 0.40 wt % FG (Figure 3). In addition, the amount of
destabilized oil in the emulsions containing between 0.01 and
0.40 wt % FG was relatively high (Figure 4), which suggested
that the droplets were prone to coalescence. These measurements
highlight the importance of using a range of different analytical
techniques to characterize the stability of emulsions prone to
droplet aggregation. We postulate that the instability of the
emulsions to droplet flocculation and coalescence over this range
of FG concentrations was due to the fact that the surfaces of
the emulsion droplets were not saturated with gelatin. Instead,
there were negatively charged regions of SDS and positively
charged regions of SDSjelatin on the droplet surfaces, which
would have promoted destabilization through charge neutraliza-
tion and bridging flocculation effects (84, 39). Coalescence
was probably enhanced in this gelatin concentration range,
because flocculation caused the droplets to be brought into close
proximity for extended periods (4).

At a FG concentration of 0.80 wt 9%R(~ 3.48 g/g), there
were large increases in mean particle diametays~ 3.6 um,
dsz &~ 93.1 um) and evidence of creaming instability in the

Figure 3. Photomicrographs of SDS-coated emulsions stabilized with FG emulsions (42.5% serum after 1 day and 45.1% after 7 days).
(0wt % corn oil, 0.23 wt % SDS, 0-2.00 wt % FG, 100 mM acetic acid, Optical microscopy indicated that the large increase in droplet
PH 3). diameter was due to extensive droplet flocculation in the
50 - emulsions at this gelatin concentration (Figure 3). Tpetential
- Before sonication of the droplets in these emulsions was relatively high £ 20
0 —m- After sonication mV), and therefore one might have expected the droplets to be
9 stable to aggregation because of a strong electrostatic repulsion
= between them. The fact that they aggregated may have been
g % because of a bridging flocculation mechanisre;,ia gelatin
8 molecule from one droplet could have been simultaneously
5 adsorbed to the surface of another droplet. Presumably, there
% was insufficient FG in the aqueous phase when the primary
a 10 emulsion was mixed with the gelatin to completely cover the

droplet surfaces before the droplets collided with each other.
Appreciable droplet flocculation was also observed in the
emulsions containing 1.20 wt % FG, which can be attributed

©C = N & © © N O O O O O O
S S 66666866 - = A to the same mechanisms as discussed for the emulsions
Gelatin (wt %) containing 0.80 wt % FG.
Figure 4. Destabilized oil in secondary emulsions (10 wt % comn oil, 0.23 At FG concentrations of 1.60 wt % there was no evidence
wt % SDS, 100 mM acetic acid, pH 3.0) as a function of different FG of droplet aggregation, creaming, or oiling off in the emulsions
concentrations. (Figures 2—4). We postulate that at these relatively high

biopolymer concentrations the droplet surfaces were completely
droplets (as demonstrated by tfepotential measurements) saturated_ with FG_ and therefore protec_:ted agalnst droplet
could also have been attributed to competitive adsorption @ggregation by a highly charged and relatively thick S&
effects: i.e., displacement of SDS from the droplet surfaces by membrane. The fact that little bridging flocculation was observed
gelatin at sufficiently high gelatin concentratiod.(Neverthe- N these emulsions suggests that the time required for the
less, we believe this mechanism is less likely because of thedroplets to become saturated with FG was considerably faster

strong electrostatic attraction between the anionic SDS andthan the time between droplet collisions.

cationic gelatin. In previous studies, it was found that ultrasound could be
In the absence of FG, the mean particle diameter of the used to disrupt flocs formed during the preparation of secondary
emulsion droplets was small (~08n for both ds, and ds3) emulsions, because it could generate forces sufficiently large

and no creaming (serurss 0%) was observed during storage to physically cleave or detach biopolymer molecules from all
over 7 days, which indicated that SDS was effective at but one of the flocculated droplets (185, 17, 40). For this
generating small emulsion droplets that were stable to aggrega+eason, we examined the possibility of using sonication to break
tion. At FG concentrations from 0.01 to 0.40 wt %, there was up the flocs in the secondary emulsions produced in this study
no appreciable change @, (~0.2—0.3um) and the emulsions  (Figures 1, 2, and 4). Sonication caused a slight increase in the
appeared to have good creaming stability (sere1®), which magnitude of the negative charge on the emulsion droplets at
suggested that the majority of the droplets in the emulsions wererelatively low FG concentrations (<0.20 wt %) but had little
not aggregated. Nevertheleskz increased appreciably with  effect at higher FG concentrations. In addition, sonication had
increasing FG concentration, reaching Arth at 0.40 wt % FG little influence on the mean particle diameter (Figure 2) or
(Figure 2b), which suggested that a fraction of the droplets in amount of oil destabilization (Figure 4) observed in the
the emulsions were aggregated. Optical microscopy also indi- secondary emulsions. Hence, the effect of sonication on the
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article Diameter (um) acetic acid, pH 3.0) and secondary emulsions (10 wt % corn oil, 0.23 wt
Figure 5. Particle size distributions of secondary emulsions (10 wt % % SDS, 2.00 wt % FG, 100 mM acetic acid, pH 3.0).
corn oil, 10 mM SDS, 2.00 wt % FG, 100 mM acetic acid, pH 3.0) after
storage at different temperatures for 1 day. stable to thermal processing at the holding temperatures used
in this study.
stability of the emulsions stabilized by SB§elatin membranes Influence of lonic Strength on Properties of Primary and
was much less than that observed previously for emulsions Secondary Emulsions A number of studies have shown that
stabilized by SDS—chitosan membranes (17). secondary emulsions are more stable to droplet aggregation than

Taking the above results together, we used secondaryprimary emulsions in the presence of sd# (15, 17). The
emulsions containing 2.0 wt % FG without ultrasound treatment purpose of these experiments was therefore to compare the
for the remainder of this study, because these emulsionsinfluence of NaCl (6-500 mM) on the stabilities of SDS-coated
contained small highly charged droplets that were stable to primary and SDSFG-coated secondary emulsions. After
droplet aggregation, creaming, and oil destabilization. preparation, the emulsions were stored for 24 h at room

Influence of Thermal Processing on Properties of Primary temperature and then their electrical charge, mean particle
and Secondary EmulsionsThe purpose of these experiments diameter, and microstructure were measured (Figure®) 6in
was to examine the influence of thermal processing on the addition, the creaming stability (after 1 week) and percentage
stability of emulsions containing droplets coated by SDS of oil destabilization of the emulsions was measured (data not
membranes (primary emulsions) and those coated by-SDS shown).

FG membranes (secondary emulsions). Primary and secondary Theé potential of the SDS stabilized droplets in the primary
emulsions were held at temperatures ranging from 30 0  emulsions remained negative at all NaCl concentrations (Figure
for 30 min, cooled to room temperature, and then stored for 1 6). However, the magnitude of tiepotential decreased as the
day prior to analysis. There was no significant effect of heating NaCl concentration increased, which can be attributed to
on the ¢ potential of the negatively charged droplets in the electrostatic screening effect$2, 43). The& potential of the
primary emulsion (—4Qt 0 mV) or on the positively charged = SDS—FG-stabilized droplets in the secondary emulsions re-

droplets in the secondary emulsich32 + 1 mV). In addition, mained positive at all ionic strengths, but the magnitude of the
there were no significant changes in the mean diameters of the potential decreased appreciably as the NaCl increased, which
particles in the primary @@ = 0.32+ 0.00um, ds3 = 0.34 £+ could be attributed to electrostatic screening effects. However,
0.00um) and secondary emulsiodsgp = 0.22+ 0.01um, dss some of the reduction in positive charge on the emulsion droplets

= 0.43%£ 0.04um) with holding temperature. On the other hand, in the secondary emulsions may also have been due to
thermal processing did have some impact on the particle sizedesorption of FG from the droplet surfaces as the ionic strength
distribution in the secondary emulsions (Figure 5). The emul- increased. In other words, the attraction between the negatively
sions stabilized by SDSFG membranes were bimodal, with a charged SDS molecules and the positively charged FG mol-
major peak corresponding to a large fraction of relatively small ecules could have been weakened at high ionic strength, thus
droplets and a minor peak corresponding to a small fraction of allowing partial desorption of some of the cationic biopolymer.
relatively large particles. The major peak was centered at a The fact that th& potential was still positive in the droplets at
diameter of 0.2%m regardless of holding temperature, whereas high ionic strengths suggests that at least some of the gelatin
the minor peak was centered at a diameter ofi2rilat 30 °C molecules remained attached to the droplet surfaces.

but shifted upward with increasing temperature, to a diameter In the primary emulsion, the mean particle diameters remained
of 3.3 um at 90 °C. This suggested that the majority of the fairly constant as the salt concentration was increased from 0
droplets in the emulsions were unaffected by heating but that to 50 mM NaCl but then increased appreciably at higher levels
there was a small fraction of larger particles that grew upon (Figure 7a,b). The optical microscopy observations indicated
heating. The origin of this effect is unknown but may have been that droplet coalescence occurred in the emulsions 0

due to some partial desorption of gelatin molecules from the mM NaCl (Figure 8), and the oil destabilization measurements
droplet surfaces at elevated temperatures that led to bridgingindicated that there was extensive “oiling off’a60 mM NacCl,
flocculation. Even so, the change in particle size distribution with up to 70% of the emulsified oil being destabilized at 500
observed in these emulsions was much less than that observedhM NaCl (data not shown). The droplet aggregation observed
in emulsions stabilized by globular proteins (41). In addition, in the primary emulsions at these high salt concentrations was
there were no evidence of creaming or oiling off in the primary presumably due to screening of the electrostatic repulsion
and secondary emulsions, which indicated that they were all between the droplets and/or changes in the optimum curvature
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Sr S suggests that they were resistant to coalescencé®40ptical
s/ \\ microscopy showed that there was some droplet flocculation
0 A T e in the secondary emulsions, even at 10 mM NaCl, and that this
N increased with increasing salt concentration (Figure 8). This
01 ! 10 100 highlights the fact that particle size measurements carried out
Particle Diameter {(um) by laser light scattering on diluted emulsions do not always
Figure 7. Dependence of mean particle diameter on NaCl concentration accurately reflect the level of droplet flocculation in nondiluted
for primary (20 wt % corn oil, 0.46 wt % SDS, 100 mM acetic acid, pH emulsions. Our results suggests that the flocs formed in the
3.0) and secondary emulsions (10 wt % corn oil, 0.23 wt % SDS, 2.00 wt secondary emulsions at intermediate salt concentrations were
% FG, 100 mM acetic acid, pH 3.0): (a, top) ds; (b, middle) dys. (c, only held together by fairly weak attractive interactions that
bottom) Particle size distributions of primary and secondary emulsions at could easily be disrupted by dilution and stirring during the light
500 mM NaCl. scattering experiments. The secondary emulsions had higher

and lowerdys values as compared to those of the primary
of the SDS membranes surrounding the dropld 43). It emulsions at=100 mM NacCl, which can be attributed to the

seems that the relatively thin and mobile interfacial membranes Ngher volume fraction of relatively large particles in the primary
formed by SDS in the presence of salt were not capable of Emulsions compared to the secondary emulsions (Figure 7c). It
preventing droplet coalescence (4%). On the other hand, no IS interesting to note that the droplets in the secondary emulsions
creaming was observed in these emulsions after 1 week ofWere unstable to flocculation but not coalescence or oil
storage, which suggested that many of the droplets were notdestabilization, as was the case in the primary emulsions. This
aggregated. is probably because the relatively thick SBISG membranes

In the secondary emulsions, the mean particle diametersprevent the droplets from coming close enough together to
increased slightly as the salt concentration was increased fromcoalesce, due to a strong short-range steric repulsion generated
0 to 100 mM NaCl but then increased steeply at higher salt by the biopolymer (4445). The droplets in the secondary
concentrations (Figure 7a,b). There was no evidence of oil emulsions containing high salt concentrationd Q0 mM NaCl)
destabilization in any of the secondary emulsions, which were also prone to extensive creaming (serdri2%), which
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Figure 9. Influence of storage pH on particle electrical charge (¢ potential) Figure 10. Destabilized oil in primary (20 wt % com oil, 0.46 wt % SDS,
of primary (20 wt % corn oil, 0.46 wt % SDS, 100 mM acetic acid, pH 100 mM acetic acid, pH 3.0) and secondary emulsions (10 wt % corn oil,
3.0) and secondary emulsions (10 wt % corn oil, 0.23 wt % SDS, 2.00 wt 0.23 wt % SDS, 2.00 wt % FG, 100 mM acetic acid, pH 3.0) as a function
% FG, 100 mM acetic acid, pH 3.0). of different pH from 3 to 8.

can be attributed to the fact that the majority of particles within concentration increased appreciably when the pH was adjusted

them had aggregated. from 3 to 8 (due to addition of NaOH), which would have
Overall, these results show that the instability of the primary reduced the electrostatlc repulsion between the droplets and may

emulsions to ionic strength could be improved below a critical N@ve altered the optimum curvature of the SDS membranes,

salt concentration (=100 mM NaCl) by coating the SDS- thus making the droplets more susceptible to coalescence (42,
stabilized droplets Wﬁh EG. 46). In the secondary emulsions, the electrostatic attraction

between the droplet surfaces and the FG molecules would have
decreased as the pH was increased because of the loss of positive
charge on the FG and the increase in solution ionic strength.

secondary emulsions. The pH dependence on’tpetential Consequently, one would expect that some of the FG molecules

and mean particle diameter of diluted primary and secondary may have either partially or fully desorbed from the droplet

emulsions was measured after they had been stored at roon?grfgges4,39,47). H'owever, no creaming (% serum0), no
temperature for 24 h (Figure 9). significant increase in mean particle diametes, (~ 0.22 +

The¢ potential of the SDS-stabilized droplets in the primary 0.00um, des ~ 0.43 & 0.01m), and no changes in overall
. ) . e microstructure (data not shown) were observed in the secondary
emulsions was negative at all pH values without a significant . o . A
) - emulsions from pH 3 to 8. In addition, there was little evidence
change (—46t 6 mV). The potential of the droplets in the . S ) .
. " . of oil destabilization over this pH range in the secondary
secondary emulsions went from positive31.9 mV) to negative . .
. emulsions (Figure 10). These results suggest that the droplets
(—6.3 mV) as the storage pH increased from below to above . . . .
, in the secondary emulsion were highly stable to flocculation,
the FG’s pl (-7.0), and had a value close to zero somewhere X i
.~ coalescence, and creaming, which may be due to the fact that
between pH 5 and 6. The reversal of charge on the emulsion

. . ~.~ _the SDS—FG membrane is highly resistant to rupture and
droplets suggests that either the FG lost some of its positive N !
charge when the pH was increased or that it was (partially) generates strong repulsive interactions between the droplets.
desorbed from the droplet surfaces. Theotential of droplets In summary, this study has shown that the stability of SDS-
in SDS—FG-stabilized emulsions was slightly negative even at c0ated emulsion droplets to environmental stresses can be
pH values below the pl (& —5 mV at pH 6-7), due to the |mproved by coating the droplets with fish gelatin (FG). Thg
negative charge on the SDS molecules outweighing the positived”V'ng_ force for FG adsorpt|(_)n was presumably the electrost_atlc
charge on the FG molecules. FG would be expected to lose its@ltraction between the negatively charged droplets and positively
net charge and be detached from the droplet surfaces aroundharged FG. The droplets in the secondary emulsions stabilized
its pl value (pH 7.0). Interestingly, thepotential of the particles ~ PY SDS-FG membranes had relatively good ftab'“ty to droplet
was much less negative in the secondary emulsions than in the29gregation at holding temperatures of-3 °C for 30 min,
primary emulsions at pH-78, which suggests that at least some =100 MM NaCl, and pH values from 3 to 8, regardless of the
of the FG molecules may have had a residual positive chargeMagnitude of electrical charge on the droplets. We postulate
and remained adsorbed to the droplet surfaces. It has beerfhat the SDSFG membranes formed around the droplets were
reported that there is a clearly defined patch of positive charge "€latively thick, which generated a steric repulsion between the
on the protein molecule surface at pHpl, although the protein droplets that was strong gnough to inhibit dropl_et floccu'latlon
carries a net negative charge at this pH, which allows the proteina”d coalescence. The unique attributes of the fish gelatin used

Influence of Storage pH on Stability of Primary and
Secondary EmulsionsThe purpose of these experiments was
to identify the influence of pH on the stabilities of primary and

to adsorb to the negatively charged molecul8®) in this study (i.e. high hydrophilicity, low thermal denaturation
In the primary emulsions, the mean particle diameter was temperature, and relatively high IEP), may lead to the generation
relatively small from pH 3 to 8, = 0.28+ 0.064m, dag = of emulsions that are stable over a wide range of pH values.

1.46+ 1.18um), presumably because the electrostatic repulsion

between the droplets was sufficiently strong to prevent extensive ACKNOWLEDGMENT

droplet aggregation. Nevertheless, the primary emulsions were

not stable to coalescence at pt4 (Figure 10). A possible  We greatly thank Norland Products Inc. for donating fish gelatin
explanation for this observation is that the sodium ion"(Na  used in this study.
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