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The purpose of this study was to create water-in-oil (W/O) and water-in-oil-in-water (W/O/W) emulsions
containing gelled internal water droplets. Twenty weight percent W/O emulsions stabilized by a nonionic
surfactant (6.4 wt % polyglycerol polyricinoleate, PGPR) were prepared that contained either 0 or 15
wt % whey protein isolate (WPI) in the aqueous phase, with the WPI-containing emulsions being
either unheated or heated (80 °C for 20 min) to gel the protein. Optical microscopy and sedimentation
tests did not indicate any significant changes in droplet characteristics of the W/O emulsions depending
on WPI content (0 or 15%), shearing (0—7 min at constant shear), thermal processing (30—90 °C for
30 min), or storage at room temperature (up to 3 weeks). W/O/W emulsions were produced by
homogenizing the W/O emulsions with an aqueous Tween 20 solution using either a membrane
homogenizer (MH) or a high-pressure valve homogenizer (HPVH). For the MH the mean oil droplet
size decreased with increasing number of passes, whereas for the HPVH it decreased with increasing
number of passes and increasing homogenization pressure. The HPVH produced smaller droplets
than the MH, but the MH produced a narrower particle size distribution. All W/O/W emulsions had a
high retention of water droplets (>95%) within the larger oil droplets after homogenization. This study
shows that W/O/W emulsions containing oil droplets with gelled water droplets inside can be produced
by using MH or HPVH.

KEYWORDS: Membrane homogenization; W/O emulsion; W/O/W emulsion; stability; gelled patrticles;
multiple emulsion

INTRODUCTION suitable oil-soluble emulsifier (low HLB number). Second, a
W/O/W emulsion is prepared by homogenizing this W/O
emulsion with another aqueous phase in the presence of a
suitable water-soluble emulsifier (high HLB number). However,
the intense mechanical stresses that the materials experience
during this second homogenization step have the undesirable
potential for disrupting the primary water-in-oil (W/O) emulsion
droplets, thereby reducing the yield of multiple emulsiods (
Because of concern about high-pressure homogenization having
a disruptive influence on the primary emulsion droplets, previous

Recently, there has been growing interest in the development
of water-in-oil-in-water (W/O/W) emulsions because they have
a number of potential benefits over conventional O/W emul-
sions, such as controlled or triggered release, reduction of fat
content, and protection of labile ingredients-@). Nevertheless,
there have been many difficulties associated with preparing this
type of multiple emulsion for utilization within the food industry
due to problems with internal water droplet coalescence and

gnglg:;n ?}g‘ied'tf(:utsh'gnbsrk\’;atjéonagleﬁg:;;mm the internal workers have often preferred to employ a low-shear mixer for
a P . _ d P ' _ the second stage of emulsification. However, this usually
_V\/_/OAN emu_lsmns conS|st_of small water drople_ts contalr_1ed produces highly polydisperse and coarse W/O/W emulsion

within larger oil droplets, which are themselves dispersed in a grgplets with poor creaming stability due to the relatively large

watery continuous phase. They are usually created usingmean droplet size (7).

conventional homogenization technology in a two-step proce- To produce a stable multiple emulsion it is usually necessary

dure. First, a W/O emulsion is prepared by homogenizing an to ensure that the W/O emulsion from which it is prepared is

oil phase and an aqueous phase together in the presence of &lso stable J). The incorporation of a thickening or gelling

polymer (e.g., xanthan, alginate, gelatin, agarose, bovine serum
54; Allétlhgr]fo Wng nggslpzoengence S_IhOLﬂdIbe ad?fesfsedd[te!ephone (‘513) albumin, sodium caseinate) within the dispersed aqueous phase
T'Unive’rsﬁ; éf M;ssachusett’s.e-mal meclements@foodsci.umass.edul. ot the nrimary emulsion has been proposed as a way of

8 Loughborough University. improving the long-term stability of W/O emulsions, especially
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if the added polymer forms a network throughout the internal to pH 7.0 using 1 M HCI if required, and then the solution was heated
water droplet or a gel-like layer at the inner-eWater interface ~ to 50°C before emulsification. o _

either by cross-linking with enzyme or calcium ions or by Preparation of W/Q _Emulsmns. Water-in-oil emuls_lons were
thermal processing (4/—14). This technique offers the pos- prepared by homqgenlzmg 20 wt % aqueous phase with 80 wt % oil
sibility of improving water droplet resistance to mechanically Pnase- The emulsions were prepared at 40*GQather than at room

induced stresses durina homoaenization. as well as to dro Iet'[emperature) because we found that the oil phase was less viscous,
9 9 ’ P€Lnd the emulsions produced by homogenization had smaller droplet

leakage or coalescence after homogenization. On the other hand:izes (see later). The aqueous phase with or without 15 wt % WP| was

this technique may be less effective at preventing water diffusion dispersed gradually into the oil phase under agitation with a magnetic
between the oil phases because water molecules can still movestirrer and then blended together using a high-speed blender (M133/

through the gel network. In addition, it also offers the possibility 1281-0, Biospec Products, Inc., ESGC, Switzerland) afGor 2

of creating novel encapsulation systems with adjustable releasemin. The coarse emulsions were then passed through a two-stage high-
properties. An alternative method of improving the stability of pressure valve homogenizer (LAB 1000, APV-Gaulin, Wilmington,
W/O and W/O/W emulsions is to form a network of fat crystals MA) three times: 19 MPa (2700 psi) for the first stage and 2.1 MPa

either around the water droplets or throughout the oil phaSe (

The main objective of the present study was to determine
whether stable W/O emulsions could be formed by incorporating

whey protein isolate (WPI) into the water phase to form gelled

(300 psi) for the second stage. Temperatures of the emulsions were 45
+ 1 and 44+ 1 °C when they were fed into and came out of the
homogenizer, respectively. After homogenization, the emulsions were
cooled to room temperature (~28). Then, the emulsion containing
water droplets with WPI inside was separated into two portions: (i)

biopolymer particles and, then, to see if these W/O emulsions one portion was maintained at ambient temperature; (ii) the other portion

could be used to form stable W/O/W emulsions. WPI was

was heat-treated at 8@ for 20 min. All emulsions were then stored

selected because (i) it is a widely used natural food-grade at ambient temperature for 24 h before being analyzed.

ingredient; (ii) it has previously been reported to improve the
formation and stability of W/O emulsions prepared with lecithin
(12); and (iii) it forms thermo-irreversible gels upon heating,
thereby allowing one to lock in any novel microstructure created
(16). Finally, we should note that the term “emulsion” is usually

used to describe a dispersion of immiscible liquid phases,
whereas the inner aqueous phase droplets produced in this stud

In summary, three different W/O emulsions were prepared:
Emulsion 1 (No-WPIlwas prepared by homogenizing 20 wt %
aqueous phase (5 mM phosphate buffer, 100 mM NacCl, pH 7) with 80

wt % oil phase (8 wt % PGPR in corn oil).

Emulsion 2 (WPI-no-Gelvas prepared by homogenizing 20 wt %
aqueous phase (15 wt % WPI, 5 mM phosphate buffer, 100 mM NacCl,
H 7) with 80 wt % oil phase (8 wt % PGPR in corn oil). This emulsion

as not heat-treated after emulsification.

are actually gelled. Nevertheless, we believe that the use of the  gryision 3 (WPI-Gelwas prepared by homogenizing 20 wt %

term “emullsion” is qppropriatg for these systems because theaqueous phase (15 wt % WPI, 5 mM phosphate buffer, 200 mM NaCl,
gelled particles consist predominantly of water and because theypH 7) with 80 wt % oil phase (8 wt % PGPR in corn oil). This emulsion

are formed from conventional liquid droplets.

MATERIALS AND METHODS
Materials. Polyglycerol polyricinoleate (PGPR 4150, Palsgaard,

was heat-treated at 8@ for 20 min to gel the WPI inside the water
droplets. (When an aqueous solution with the same composition was
heated at 80C for 20 min in a glass test tube, it formed a strong
optically opaque gel.)

Influence of Environmental Stresses on W/O Emulsion Stability.

Denmark) prepared by the esterifcation of condensed castor oil fatty The properties and stability of the three different types of W/O

acids with polyglycerol was obtained from Palsgaard Industri de Mexico
(St. Louis, MO). As stated by the manufacturer, the polyglycerol moiety
of the PGPR was predominantly di-, tri-, and tetraglycerols (minimum
of 70%) and contained not more than 10% of polyglycerols equal to
or higher than heptaglycerol. WPI (BiPRO lot JE 015-4-420) was
obtained from Davisco Foods International Inc. (Le Sueur, MN). As

emulsions were compared after they were subjected to various
environmental stresses:

Shearing.The emulsions were subjected to constant shear+fat 0
min (0, 0.5, 1, 2, 3, 4, 5, and 7 min) using a high-speed blender (M133/
1281-0, Biospec Products, Inc.) at room temperatu23(°C). The
emulsions were then stored at room temperature for 24 h before being

stated by the manufacturer, the powdered WPI had a composition of analyzed.

97.6 wt % protein, 2.0 wt % ash, and 0.3 wt % fat (dry weight basis)
and 4.7 wt % moisture (wet weight basis). Polyoxyethylene-sorbitan

Thermal Processing=mulsion samples (10 g) were transferred into
glass test tubes (internal diametefl5 mm, height= 125 mm), which

monolaurate (Tween 20), sorbitan monostearate (Span 60), sorbitanwere then incubated in a water bath for 30 min at different temperatures
tristearate (Span 65), sorbitan monooleate (Span 80), analytical graderanging from 30 to 90C. After incubation, the emulsion samples were

sodium chloride (NacCl), hydrochloric acid (HCI), sodium hydroxide

immediately cooled to ambient temperature in a water bath containing

(NaOH), hexadecane, sodium phosphate (monobasic, anhydrous), andold tap water. The emulsions were then stored at ambient temperature

sodium azide (Nah were purchased from the Sigma Chemical Co.

(St. Louis, MO). Ethanol, toluene, and sodium phosphate (dibasic,

for 24 h prior to analysis.
Storage.The emulsions were stored at ambient temperature for 1

anhydrous) were purchased from Fisher Science (Chicago, IL). Corn day, 1 week, 2 weeks, and 3 weeks before being analyzed.

oil (Mazola, ACH Food Companies Inc., Memphis, TN) was purchased
from a local supermarket and used without further purification. 1,3,6,8-

Pyrenetetrasulfonic acid tetrasodium salt (CAS Registry No. 59572-

10-0) was purchased from Fisher Scientific International L.L.C.
(Hampton, NH). Distilled and deionized water was used for the
preparation of all solutions.

Solution Preparation. Emulsifier solution was prepared by dispers-
ing 8 wt % PGPR into corn oil and heating to 8C. This PGPR

The properties and stability of the W/O emulsions were then
characterized by measuring their particle size, microstructure, and
sedimentation stability (see below).

Preparation of W/O/W Emulsions. W/O/W emulsions were
prepared using the two-stage emulsification meth®)dKirst, a 20 wt
% W/O emulsion was prepared as described above. Second, 20 wt %
of this W/O emulsion was homogenized with 80 wt % of aqueous
surfactant solution (0.5 wt % Tween 20, 5 mM phosphate buffer, 100

concentration was selected because previous studies have shown thahM NaCl, 0.02 wt % NaN, pH 7) using either a membrane

it is capable of forming W/O emulsions containing small water droplets
with a narrow size distribution7( 14). Protein solution was prepared
by dispersing the desired amount (15 wt %) of WPI powder into 5
mM phosphate buffer solution at pH 7 containing 0.02 wt % sodium
azide (as an antimicrobial agent) and 100 mM NaCl (to facilitate
gelation) and stirring for at lea® h atroom temperature to ensure

homogenizer or a high-pressure valve homogenizer.

W/O/W Emulsions Prepared Using a Membrane Homogenizes.
W/O emulsions and aqueous surfactant solution were first premixed
for several minutes using a stirring bar followed by five passes through
a membrane homogenizer at 100 kPa (14.5 psi) (MG-20-5, Kiyomoto
Iron Works Ltd., Japan). The pressure vessel was filled with 100 mL

complete dissolution. The pH of the WPI solution was adjusted back of coarse emulsion, and the required driving pressure was built up with
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Figure 2. Microstructure of PGPR-stabilized emulsions (20 wt % agueous
_ . - phase, 80 wt % oil phase). No-WPI, W/O emulsions that did not contain
70°C Sl coean 70°C WPI; WPI-no-Gel, W/O emulsions that contained 15% WPI; WPI-Gel, W/O
| ks ' emulsions that contained 15% WPI and were heat-treated at 80 °C for

20 min after preparation to gel the protein.

first stage Y10 from the second stage. The emulsions were then stored
at ambient temperature for 24 h before being analyzed.
Particle Size Measurements.Average droplet sizes of W/O/W
i emulsions were measured using a static light scattering instrument. To
90°C it ok it : 900(': avoid multiple scattering effects, W/O/W emulsions were diluted to a
e et : droplet concentration of approximatelty0.005 wt % using buffer
solution at the pH and NaCl concentration of the sample and stirred
AR AT : continuously throughout the measurements to ensure the samples were
B : R ETIS E R homogeneous. The particle size distribution of the emulsions was then
y | PeniT i A measured using a laser light scattering instrument (Mastersizer, Malvern
| BEOF T, ) e BT S e Instruments, Worcestershire, U.K.). This instrument measures the
; BN T s R angular dependence of the intensity of laser light< 632.8 nm)
— scattered by a dilute emulsion and then finds the particle size distribution
Figure 1. Influence of heat treatment on the microstructure of PGPR- that gives the best fit between experimenta| measurements and

stabilized W/O emulsions (20 wt % aqueous phase, 80 wt % oil phase). predictions based on light scattering theory. Particle size was reported
Oil and aqueous phases were either heated to 50 °C (heated) or kept at as volume-surface mean diametes; (==nd*/=ndi?, wheren; is the
room temperature (nonheated) before emulsification. number of particles with diameted;)) and volume-weighted mean

diameter,ds3 (=Znidi4/=Znid3).

Compressed air using a pressure regu|ato|' (|:>RG1()]_7 Omega, Stamford, The mean size of the droplets in the W/O emulsions was determined
CT) The operating pressure was measured with an accuraﬂ;ﬂ_of by dynamic Ilght Scattering. The W/O emulsions were diluted to a
kPa using a pressure gauge (PG-200-103G-P, Copal Electronics, Tokyodroplet concentration of 0.5 wt % with hexadecane (refractive index
Japan). When the emulsion had passed through the membrane tube, i 1.434, viscosity= 3.13 mPa s at 23C) as a dispersant to avoid
was collected into a beaker p|aced on an electronic balance (ACCU- multlple Scattering effects. The partiCle size of the emulsions was then
622, Fisher Scientific, Fair Lawn, NJ). The balance was interfaced to measured at 25C using a dynamic light scattering instrument (Zetasizer
a PC Computer to collect time and mass data every 2s using dataNanO-ZS, Malvern |nStrUmentS). This instrument measures the rate of
acquisition software (AccuSeries USB version 1.2, Fisher Scientific, diffusion of particles via intensity fluctuations. Particle size was reported

Fair Lawn, NJ). The experiments were carried out at°Zl The as the scattering intensity-weighted mean diamet@verage.
membrane used was a SPG membrane (8.5 mm inner diameies Optical Microscopy. Emulsions were gently agitated in a glass test
mm wall thickness) supplied from SPG Technology Co., Ltd. (Sad- tube before analysis to ensure that they were homogeneous. A drop of
owara, Japan). The mean pore size of the membrane was8.the emulsion was placed on a microscope slide and then covered with a

effective membrane length was 12 mm, and the effective cross-sectionalcover slip. The microstructures of the W/O emulsion and W/O/W
area was 3.75 c¢tn The membrane tube was cleaned after use by emulsions were then observed using a conventional optical microscope
immersing it for 2 days in ethanol plus 2 days in toluene, followed by (Nikon microscope Eclipse E400, Nikon Corp., Japan) equipped with
heating at 500C for 30 min in an electric muffle furnace. Measure- a CCD camera (CCD-300-RC, DAGE-MTI, Michigan City, IN)
ments of the flux rate after cleaning indicated that the inherent connected to Digital Image Processing Software (Micro Video Instru-
membrane permeability to pure water was completely restored. The ments Inc., Avon, MA) and an Olympus Vanox optical microscope
emulsions were stored at ambient temperature for 24 h before beingwith a digital camera (Kodak EasyShare LS443, Japan). More than six
analyzed. pictures were taken for each sample, and a representative one was
W/O/W Emulsions Prepared Using a High-Pressure Homogenizer. shown.
Multiple emulsions were prepared by blending 20 wt % W/O emulsion Sedimentation Stability Measurement. Sedimentation stability
and 80 wt % aqueous surfactant solution (0.5 wt % Tween 20 in buffer measurements were carried out on the W/O emulsions, where the water
solution) together using a high-speed blender (M133/1281-0, Biospec droplets tend to move downward because they are heavier than the
Products, Inc.) for 2 min at room temperature. These coarse emulsionssurrounding oil phase. Ten grams of emulsion was transferred into a
were then passed through a two-stage high-pressure valve homogenizetest tube (internal diameter 15 mm, height= 125 mm), tightly sealed
(LAB 1000, APV-Gaulin, Wilmington, MA) one to three times at either ~ with a plastic cap, and then centrifuged at 6500 rpm for 30 min at
7 MPa (1000 psi) or 14 MPa (2000 psi)4 of the pressure from the room temperature (Centric Centrifuge, Fisher Scientific, Indiana, PA).
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The entrapment yield (Y) was expressed as the fraction of dye that
remained encapsulated within the water droplets after homogenization

(=)
=1
T

M; — M, M,
Wt Twm @

where M; is the mass of dye initially present in the internal water
droplets in the W/O emulsion ard. is the mass of dye present in the
external water phase in the W/O/W emulsion after homogenization.
The entrapment yield can be calculated if it is assumed that the amount
of dye released from the inner water droplets is proportional to the
0 WPInoGel amount of water released and that the dye is released due to expulsion
—A— WPIGel of the internal water droplets during formation of the W/O/W emulsion.
‘ ‘ The mass of dye initially present in the internal water droplets in the
0 1 2 3 4 5 6 W/O emulsion is then given by

Number of homogenization cycles (n)

20 —8— NoWPI

Transmembrane flux, J (m3m'2h'1)

M; = GV; = C X dwo X dwow X Vivow )
Figure 3. Dependence of transmembrane fluxes on the number of passes
through the membrane homogenizer for W/O/W emulsions consisting of The mass of dye present in the external water phase in the W/O/W
20 wt % disperse phase (W/O emulsions) and 80 wt % aqueous phase emulsion after homogenization is then given by

Tween 20 solution).
( ) My= CdV+ (L= V) x V;] =

Cel( — dwow) + (1 = Y) X dwo X dwowl x Viwow (3)
The extent of sedimentation was determined visually on the basis of
the phase separation after the centrifugation step. However, waterthe W/O emulsion ancCs is the dye concentration measured in the

separation was not visually apparent in any of the systems investigated.external aqueous phase of the W/O/W emulsion after homogenization.

Creaming Stability Measurement. Creaming stability measure- v v, andViyow are the volume of the internal water phase used to
ments were carried out on the W/O/W emulsions, where the W/O prepare the W/O emulsion, the volume of the external water phase used
droplets tend to move upward because they are lighter than theto prepare the W/O/W emulsion, and the volume of the overall
surrounding water phase. Ten grams of emulsion were transferred intoemulsion, respectively. In additiogwo is the volume fraction of water
a test tube (internal diameter 15 mm, height= 125 mm), tightly droplets in the W/O emulsion, whereagow is the volume fraction of
sealed with a plastic cap, and then stored for 1 day and 7 days at roomw/O droplets in the W/O/W emulsion. Substitution of eqs 2 and 3
temperature. After storage, some emulsions separated into an opticallyinto eq 1 gives
opaque “cream” layer at the top and a transparent (or turbid) “serum”
layer at the bottom. We defined the serum layer as the sum of any Co (1— dwow
turbid and transparent layers. The total height of the emulsiblial ( Y=1- c—-c\ow b
and the height of the serum layéild) were measured. The extent of ' €
creaming was characterized as % seran100(H5/He). The percent In the remainder of this study, we express the entrapment yield as
serum p_rovu_lled |nd|recF information about the extent of droplet a percentage: % viele: 100Y. For the particular system used in this
aggregation in an emulsion. All measurements were made on at |ea5tstudy,Ci = 0.2% WIV, pwo ~ 0.2, andwow ~ 0.2. Hence, the yield
two freshly prepared samples. is given by the following approximate expression: % yietdl00 x

Determination of Yield. The “yield” of a W/O/W emulsion was (1 — 100Q/[1 — 5C), whenC; andC. are expressed in % w/v.
defined as the percentage of water-soluble dye retained within the inner  Viscosity Measurements.The viscosity of pure oil and pure oil
aqueous phase droplets following the homogenization of the W/O containing 8 wt % PGPR was measured using a dynamic shear
emulsion with aqueous phase. Initially, we therefore prepared a standardrheometer (Constant Stress Rheometer, CS-10, Bohlin Instruments,
curve of absorbance versus dye concentration for the water-soluble Cranbury, NJ). Samples were contained in a concentric cylinder cell
fluorescent dye used in this study: 1,3,6,8-pyrenetetrasulfonic acid (the diameter of the rotating inner cylinder was 25 mm, and the diameter
tetrasodium salt (PTSA) (171.8). A stock dye solution was prepared of the static outer cylinder was 27.5 mm), and the viscosity of the
by dissolving 0.01% (w/v) PTSA in buffer solution (5 mM phosphate, samples was measured by heating and cooling the samples in a range
100 mM NaCl, pH 7). A standard curve was then preparee-(0.996) of temperature from 25 to S at a shear stress of 0.1 Pa. No influence
by measuring the absorbance of diluted stock dye solutions at 374 nmof the direction of the temperature change (heating versus cooling) on
using a UV—visible spectrophotometer. The dye concentration in the the measured viscosity was observed. Viscosity versus shear rate
external aqueous phases collected from W/O/W emulsions was thenmeasurements indicated that both systems were Newtonian fluids; that
determined using this standard curve. is, the viscosity was independent of shear rate.

PTSA (0.2%) was dispersed in the aqueous phase used to prepare Statistical Analysis. Experiments were performed twice, and the
the W/O emulsions as described above. W/O/W emulsions were thenM€an and spread of the data were calculated from these duplicate
prepared by homogenizing 20 wt % W/O emulsions with 80 wt % Measurements.
aqueous surfactant solution (0.5 wt % Tween 20 in buffer solution)
using either the HPVH (two passes, 14 MPa) or the MH (five passes, RESULTS AND DISCUSSION
0.1 MP:;_\). Samples of the_ W/O/W (_emulsions were thgn centrifuged  gglection of PGPR as a Lipophilic Emulsifier for the
for 20 min at 40000 rpm using a centrifuge (Sorvall Centrifuges, DuPont Preparation of Water-in-Corn Oil Emulsions. The purpose

Co., Wilmington, DE) 1o separate them into a creamed layer and a ¢ i o hariment was to identify a suitable lipophilic emulsifier
serum layer. An aliquot (3 mL) of the serum layer from each centrifuged . L
to prepare stable W/O emulsions. A number of nonionic

sample was clarified using a syringe-driven filter unit (Millipore Corp., . o .
Bedf%rd, MA), and theirgabsgrba?]ce was recorded(at 3p74 nm. '?his surfactants (8 wt %) with a low hydrophﬂdlpophlle balance
procedure was repeated on similar emulsions that had been preparedHLB) were therefore tested for their ability to form stable W/O
without dye to obtain blank values, and these were subsequently @mulsions: Span 60 (HLB- 4.7), Span 65 (HLB= 2.1), Span
subtracted from their counterparts with dye. The concentration of dye 80 (HLB = 4.3), and PGPR (HLB= ~3). Span 60 and Span
present in the serum layer was determined from the standard curve. 65 were insoluble in corn oil at room temperature and so were

Here, C; is the dye concentration in the internal aqueous phase of

“

¢WO¢WOW
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not used further. Span 80 was soluble in corn oil at room did not change their character upon heating as much as
temperature, but when it was homogenized with water, the hydrophilic surfactants (22).
resulting W/O rapidly phase-separated. Previous researchers In light of these results, the W/O emulsions used in the
have prepared stable W/O emulsions using Span 80, but theyremainder of this study were prepared using PGPR as the
used hydrocarbons (kerosenggldz» to CieHzs) as the oil phase  emulsifier and were heated to 8C prior to homogenization.
rather than corn oil). The reason for this observed difference  preparation and Characterization of W/O Emulsions.
might therefore be due to the different properties of the oils previous researchers have suggested that the stability of W/O/W
used—edible oils tend to be less hydrophobic and contain moreéemulsions may be improved by encapsu|ating certain macro-
surface active impurities than hydrocarboi8,20). We found ~ molecules in the inner aqueous phase, because this leads to a
that PGPR was soluble in corn oil and that it could be used to viscoelastic gel-like structure either throughout the inner aqueous
prepare W/O emulsions that appeared to be stable at roomdroplet or at the interface between the inner aqueous phase and
temperature (~23C). Nevertheless, optical microscopy indi- the intervening oil phase5( 7, 13, 14). In this study, we
cated that these emulsions contained a population of relatively examined the possibility of improving the stability of W/O/W
large water dropletsHigure 1, nonheated). We observed that emulsions by the thermal gelation of whey proteins contained
the PGPR-corn oil mixture was highly viscous at room within the inner agueous phase of the initial W/O emulsions.
temperature and postulated that this might result in inefficient In this section we examined the influence of WPI gelation on
disruption of the water droplets inside the high-pressure the stability of W/O emulsions, because previous studies have
homogenizer Z1). We also noticed that the PGPRorn oil shown that stable W/O/W emulsions can be formed only from
mixture became much less viscous upon heating, and so westable W/O emulsions (7). Initially, we examined the influence
examined the influence of preparation temperature on the of protein concentration (0—20 wt % with 2 wt % increments)
formation of the W/O emulsions. To examine the influence of on the ability of WPI to form a gel in aqueous solutions (5 mM
preparation temperature we prepared W/O emulsions under twophosphate buffer, 100 mM NaCl, pH 7) heated ar80for 20
different conditions: (i) heated emulsiorn40—50°C), the oil min. We found that optically opaque gels that would not flow
and aqueous phases were heated t6G@hen homogenized; ~ When the test tubes containing them were inverted could be
or (||) nonheated emu|sidﬂv23 °C), the oil and aqueous phases formed at WPI concentratiorss4 wt %. A WPI concentration
were homogenized at room temperature_ The temperature rang@f 15 wt % was therefore selected for Subsequent studies because
of 40—50 °C was used for the preparation of the heated it was well above this minimum value and it gave optically
emulsions because this was sufficiently high to cause an ©Pague (white) gels that appeared to be homogeneous and firm.
appreciable decrease in oil phase viscosity while still being  Three 20 wt % W/O emulsions were prepared by homogeniz-
appreciably below the thermal denaturation temperatupeT  ing aqueous phase (0 or 15 wt % WPI, 100 mM NaCl, pH 7)
74 °C) of whey protein (so no gelation of the aqueous phase and oil phase (8 wt % PGPR in corn oil) together as described
would occur prior to homogenization if WPI was present).  €arlier: (i) 0 wt % WPI (No-WPI); (i) 15% WPI, without
The microstructure of the nonheated and heated PGPRNeating (WPI-no-Gel); and (iii) 15% WPI, with heating to 80

emulsions was then characterized by optical microscBigute °C for 20 min to gel the protein (WPI-Gel). After preparation,

1). Homogenizing the W/O emulsions at an elevated temperaturegII t?rteetlllvtlo emuIS|or|1$ dqonta|ne(jdt|:elatl\/helyt ?rr]nall _lwar]ter
clearly led to a smaller water droplet size. As mentioned earlier, roplets that were evenly diSperse roughout the oIl phase

this was probably because the viscosity of the oil phase (Figt_Jre 2). Changes in_ the microstructure and sedimentation
decreased appreciably on heating, which made it easier fors'[""b'“ty qf these emglsmns were then measured after. ‘h‘?y had
droplet disruption to occur within tr’1e homogenizery, For been subjected to various environmental stresses, that is, (i) long-
exarr)nple thepviscosity of the oil phasél'{GPgR) was 6'8 and term storage (3 weeks at room temperature); (ii) shearing-{0.5
34 mPa s at 25 and 4%, respectively. In addition, there was min in a hlgh-spegd blender), and (iij heatl_ng .E C for

id f ter droplet sedi tati i the W/O 30 min). Optical microscopy measurements indicated that there
no evidence of waler droplel sedimentation n the ~ . was no change in the overall microstructure of the three
emulsions after 1 month of storage at room temperature, which

: emulsions after storage, shearing or heating (data not shown),
suggested that they were stable to droplet flocculation. The mean, ith the microstructures appearing similar to those shown in

droplet diameterZ-average) of both emulsions measured by Figure 2. In addition, all three emulsions were stable to

dynamic light scattering was around 300 nm. Nevertheless, thesey ., itational separation after they had been subjected to these
measurements should be treated with caution because dynamigyironmental stresses, there being no evidence of the formation
Ilgh'g scattering is not sensitive to the presence of slow-moving ot an oil-rich layer at the top of the emulsion due to downward
particles larger than aboutam (21), and there were clearly  mgyement of the water droplets after 3 weeks of storage. These
some droplets larger than this in our W/O emulsions. measurements indicated that the presence of gelled or nongelled
In subsequent experiments we intended to gel the aqueouswPI in the aqueous phase neither improved nor adversely
phase by incorporating WPI and heating the W/O emulsion affected the stability of the W/O emulsions. The stability of
above the thermal denaturation temperature of the proteins (see¢hese emulsions may have been because the relatively high
below). It is widely known that temperature can have a viscosity of the oil phase at room temperature (~68 mPa s)
pronounced affect on the functional properties of nonionic retarded movement (collisions or sedimentation) of the water
surfactants; for example, surfactant molecules tend to becomedroplets.
dehydrated and more lipophilic with increasing temperat2iig. ( Preparation and Characterization of W/O/W Emulsions.
We therefore examined the affect of thermal processing-(30 The practical utilization of many W/O/W emulsions has been
90°C for 30 min) on the PGPR-stabilized emulsions. However, limited because the relatively large size of the oil droplets they
there was no significant difference in the microstructirigre contain makes them highly susceptible to creaming, coalescence,
1) or mean particle size of the emulsions that had undergoneand flocculation 7). The oil droplet size in conventional O/W
heat treatment (data not shown). This observation is consistentemulsions can usually be reduced by using intense homogeniza-
with a previous study that reported that lipophilic surfactants tion conditions to disrupt the droplets, such as those found in a
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Figure 4. Optical microscopy images of W/O/W emulsions prepared by membrane emulsification using different numbers of passes through the homogenizer.

high-pressure valve homogenizer (21). However, this type of either 0 or 15 wt % gelled (at 8T, 20 min) or nongelled WPI
homogenizer usually cannot be used to prepare W/O/W emul-in the aqueous phase.
sions because the intense homogenization conditions required W/O/W Emulsions Prepared by Premix Membrane Emulsi-
to obtain small oil droplets promotes rupture of the internal water fication. One of the most important parameters describing the
droplets, which leads to loss of wat&3). We postulated that  efficient operation of a membrane homogenizer is the trans-
the gelation of the water droplets within the W/O emulsions membrane flux, that is, the volume of material that passes
used to prepare a W/O/W emulsion would reduce the tendencythrough the membrane per unit of time per unit of surface area.
for water loss to occur during the secondary homogenization The dependence of the transmembrane flux on emulsion
stage. Hence, it should be possible to use relatively high- composition and number of homogenization passes is shown
intensity homogenization devices to prepare W/O/W emulsions, in Figure 3. For all three W/O/W emulsions, the flux increased
thereby creating smaller oil droplet sizes. as the number of passes increased until it reached a limiting
In this section, we investigated the effect of mechanical value at four passes, after which it decreased slightly. This
emulsification methods on the droplet characteristics of W/O/W indicates that all of the large droplets in the feed emulsion were
emulsions containing WPI in the internal aqueous phase. W/O/W completely disrupted, and only fine droplets that can easily pass
emulsions were prepared by homogenizing 20 wt % of W/O through the pores remained at four passes.
emulsion and 80 wt % aqueous solution (0.5 wt % Tween 20 The presence of W/O/W droplets in these emulsions was
in buffer) together using either a low-intensity (membrane confirmed by optical microscopy{gure 4). Some coarse water
homogenizer) or a high-intensity (high-pressure valve homog- droplets were visible within some of the oil droplets, whereas
enizer) mechanical device. For each homogenization device, wefine water droplets were visible only as an inhomogeneous
prepared W/O/W emulsions using W/O emulsions containing “texture” within the oil droplets. The mean diameter of the oll
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emulsions on the number of passes through the membrane homogenizer.
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droplets decreased as the number of passes increased, asymp- Particle diameter (jum)
totically approaching a limiting minimum valu€&igure 5). The
volume-surface mean particle diametegyJdwhich is more
sensitive to the presence of small particles, of the W/O/W
emulsions decreased fairly gently as the number of passes
increased, eventually reaching values of 15®.04 um for

Figure 6. Dependence of particle size distributions of W/O/W emulsions
on the number of passes through the membrane homogenizer.

bottom (containing the small droplets): that is, serum percent-

No-WPI, 2.01+ 0.05um for WPI-no-Gel, and 1.95 0.07 .
. : ' ' ages after five passes were 66, 54, and 66% for No-WPI, WPI-
wm for WPI-Gel emulsions after five passes. On the other hand, no-Gel, and WPI-Gel after storage for 1 day, respectively. These

there was a fairly steep decrease in the volume-weighted mean ; ted that th ta st d d
particle diameter (&), which is more sensitive to the presence measurements suggested that there was not a strong dependence

of any large particles, when the number of passes increased fromOf the oil droplet size in the W/O/W emulsions on the nature

one to two, after which the mean particle diameter reached aof the aqueous phase within the initial W/O emulsion. It seems
fairly const:amt value: 6.4 0.3um for No-WPI, 9.7+ 0.3um that the size distributions of droplets produced in the W/O/W

for WPI-no-Gel, and 10.5: 1.6 um for WPI-Gel emulsions emulsions were mainly determined by the homogenizer condi-
after five passes. This change could also be seen when the fullions- Having said this, the emulsions containing WPI (gelled
particle size distributions of the emulsions were examined © Not gelled) had somewnhat larger mean droplet diameters than
(Figure 6). Although the W/O/W emulsions prepared by those containing no WPI (Figure 5), suggesting that it may bg
membrane emulsification displayed bimodal or trimodal distri- narder to break up the W/O phase into droplets when the protein
butions, the majority of droplets fell within a fairly narrow IS Present.

particle size range around:8n. For example, the < 1, 1<d The yield of the W/O/W emulsions prepared by membrane
< 10, andd > 10 um values after five passes were 15, 75, and homogenization was determined by measuring the percentage
10 vol % for No-WPI; 12, 78, and 10 vol % for WPI-no-Gel;  of dye that had been released from the internal water droplets
and 12, 76, and 13 vol % for WPI-Gel W/O/W emulsions. We after homogenization. We found that the % yield was greater
always noticed that there was a small populatisri%%) of than 99.8% for the No-WPI, WPI-no-Gel, and WPI-Gel W/O/W
fine particles < 1 um) measured by laser diffraction in the emulsions, which indicated that the internal water droplets in
emulsions after membrane homogenization. This would accountall of the original W/O emulsions were not disrupted by the
for the fact that when the emulsions were stored at room membrane homogenization process. High yiekl89(%) have
temperature for 24 h, they separated into an opaque layer at thealso been reported previously for W/O/W emulsions when they
top (containing the large droplets) and a turbid layer at the were prepared using6% PGPR in the oil phasel4).
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Figure 7. Optical microscopy images of W/O/W emulsions prepared by high-pressure homogenization.

W/O/W Emulsions Prepared by Higtressure Homogeniza-  (dsz andds3) than those containing WPI, especially after three
tion. To inhibit creaming by making the outer droplets as small passes at 2000 psi, again suggesting that it may be easier to
as possible, W/O/W emulsions were prepared by high-pressuredisrupt the W/O phase in the secondary homogenization stage
valve homogenization using different homogenization condi- when no WPI is present. However, the major factor affecting
tions: pressure= 1000 psi (7 MPa) or 2000 psi (14 MPa); the droplet size distributions produced was the severity of the
number of passess 1—3. The microstructures of W/O/W  homogenization conditions, rather than the composition of the
emulsions produced using this process are showkigare 7. inner aqueous phasé-igures 8 and 9). The mean particle
Emulsions prepared using high-pressure valve homogenizationdiameters s, anddas) of the W/O/W emulsions decreased with
contained smaller droplets than those prepared using membran@n increase in homogenization pressure and number of passes,
emulsification (Figures 4and 7). Small water droplets could  with the largest droplets having been produced at 1000 psi and
be seen entrapped within some of the larger oil droplets one passds; = 1.0, 1.2, and 1.Zim andds3 = 4.5, 8.1, and
produced using relatively mild homogenization conditions (two 4.7 um for No-WPI, WPI-no-Gel, and WPI-Gel, respectively)
or fewer passes at 1000 psi; one of fewer passes at 2000 psi)and the smallest sizes being produced at 2000 psi and three
However, it was not possible to see the water droplets when passes (¢ = 0.3, 0.4, and 0.xm anddss = 0.7, 1.0, and 1.0
more severe homogenization conditions were used due to theum for No-WPI, WPI-no-Gel, and WPI-Gel, respectively)
relatively small size of the oil droplets produced. There was no (Figure 8). In general, W/O/W emulsions prepared by high-
large dependence of the droplet characteristics of the W/O/W pressure valve homogenization contained smaller droplets than
emulsions on the presence of WPI and/or on heat gelationthose prepared using membrane emulsificatiégu(re 5), which
(Figures 8and9). Nevertheless, the W/O/W emulsions contain- could enhance the subsequent stability of W/O/W emulsions to
ing no WPI had significantly smaller mean droplet diameters gravitational separation because the velocity at which a droplet
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moves is proportional to the square of its radif&)( Indeed, A
no creaming was observed in all W/O/W emulsions after 1 day 0 A S i
of storage except those prepared at 1000 psi and one pass (serum 001 01 1 10 100 1000

= 70, 63, and 71% for No-WPI, WPI-no-Gel, and WPI-Gel,
respectively). On the other hand, the particle size distributions _ T )
prepared by the high-pressure valve homogenizer were ap_Flgure 9. Dgpendenpe of particle size d|str|but|on§ of WIO/W emulspns
preciably broader than those prepared by the membraneprepgr_ed using a hlgh-pressure valve homogenizer on the Qperatmg
homogenizer (Figures 6and 9). The influence of droplet conditions: homogenization pressure and number of passes (in paren-
polydispersity on the long-term stability of multiple emulsions  1€Ses)
is currently unknown, although this would be an important area
for further study. containing gelled water droplets would be more stable than those
The yield of the W/O/W emulsions prepared by the high- containing nongelled water droplets. Nevertheless, our results
pressure valve homogenizer was determined by measuring thendicate that there was little influence of the nature of the internal
percentage of dye that had been released from the inner watermqueous phase on the size of the W/O droplets produced in the
droplets after homogenization as explained earlier. We found W/O/W emulsions or on the stability of the internal water
that the % yield was 96.& 2.0, 98.84+ 0.7 and 98.3t 0.3 for droplets during homogenization. Instead, the major factor
the No-WPI, WPI-no-Gel, and WPI-Gel W/O/W emulsions, affecting the mean droplet size in the W/O/W emulsions was
respectively. As mentioned earlier, similarly high yield90%) the type of homogenizer used to prepare them and the operating
have also been reported for W/O/W emulsions prepared usingconditions. The high-pressure valve homogenizer was capable
>6% PGPR in the oil phase and a high-pressure valve of producing smaller W/O droplets than the membrane homog-
homogenizer14). These results suggest that the internal water enizer, but the particle size distribution was narrower for the
droplets in the W/O/W emulsions were highly stable to membrane homogenizer. The mean W/O droplet size decreased
expulsion during homogenization in all of the systems studied, as the number of passes through the membrane homogenizer
irrespective of the nature of the internal aqueous phase. increased or as the number of passes and homogenization
In conclusion, this study has shown that W/O/W emulsions pressure of the high-pressure valve homogenizer were increased.
can be produced using either a high-pressure valve homogenizein summary, this study has shown that gelling the internal
or a membrane homogenizer that contained gelled internal wateraqueous phase of W/O emulsions does not facilitate the
droplets. Initially, we hypothesized that W/O/W emulsions formation of W/O/W emulsions for the system used in the work.

Particle diameter (jum)
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Nevertheless, the long-term stability of the W/O/W emulsions
may be improved by gelling the internal water phase (e.g., by
inhibiting coalescence or Ostwald ripening of the internal water
droplets), but further research is needed on this subject.
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