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The objective of this study was to examine the effects of added xanthan gum, guar gum, or
k-carrageenan on the formation and properties of emulsions (4 wt % corn oil) formed with an
extensively hydrolyzed commercial whey protein (WPH) product under a range of conditions. The
rate of coalescence was calculated on the basis of the changes in the droplet size of emulsions
during storage of the emulsions at 20 °C. Compared with the emulsion made without the addition of
polysaccharides, the rate of creaming and coalescence in emulsions containing xanthan gum, guar
gum, or k-carrageenan was markedly enhanced with increasing concentration of polysaccharides
during storage for up to 7 days. At a given concentration, the rate of coalescence was highest in the
emulsions containing guar gum, whereas it was lowest in the emulsions containing «-carrageenan.
All emulsions containing xanthan gum, guar gum, or «-carrageenan showed flocculation of oil droplets
by a depletion mechanism. This flocculation was considered to enhance the coalescence of oil droplets.
The different rates of coalescence could be explained on the basis of the strength of the depletion
potential, which was dependent on the molecular weight and the radius of gyration of the
polysaccharides.

KEYWORDS: Emulsions; hydrolyzed whey protein (WPH); coalescence; xanthan gum; guar gum;
k-carrageenan; depletion flocculation

INTRODUCTION wt % was found to markedly improve the creaming stability
Whey proteins are widely used as emulsifiers in food systems. after retorting and to prevent coalescence.
Whey proteins are sometimes hydrolyzed to produce small Polysaccharides are commonly added to food emulsions to
peptides and/or free amino acids, which are more easily digestedprevent the dispersed droplets from creaming and to inhibit the
These hydrolyzed whey proteins have been used extensively inrate of coalescence between the oil droplets because of the
infant and specialized adult nutritional formulatioris.(How- increased viscosity and yield stress. However, the presence of
ever, extensive hydrolysis of whey proteins, because of the polysaccharides (e.g., xanthan gum, carrageenans, guar gum,
production of many short peptides, has been found to be gum arabic, and modified starch) at fairly low concentrations
detrimental to their emulsifying and stabilizing properties (2— has been shown to enhance the rate of creaming of emulsion
4). Because of the poor emulsifying properties of extensively droplets due to depletion flocculatiof{13). Depletion floc-
hydrolyzed whey proteins, these formulations usually require cylation is a phenomenon that arises from localized changes in
the addition of emulsifiers and stabilizers to facilitate the gsmotic pressure in mixed emulsion/polysaccharide systems.
formation of a stable emulsion. Because polysaccharide molecules have a large hydrodynamic
Agboola et al. ) showed that fairly stable oil-in-water  adiys, they tend to be excluded from the gap between two
emulsions could be formed with highly hydrolyzed whey protein - approaching droplets. The region between the droplets becomes
(WPH) as the sole emulsifier when using appropriate WPH gepleted of polysaccharides and rich in solvent compared with
concentration and homogenization conditions. Emulsions (4% the pulk aqueous phase. An osmotic pressure gradient results,
soy oil) prepared using 4 wt % WPH with two-stage homog- yhjch prompts the solvent to flow out of the region between
enization, at pressures of 20.6 and 3.4 MPa in the first and \he groplets. As a consequence, the volume of this region

second stages, respectively, were found to be stable to creamingyoreases and the droplets approach further (14).
and coalescence at 2 for more than a week. However, Flocculation may also enhance coalescence because the
retorting (121°C for 16 min) of these emulsions resulted in y

loss of stability 6). Addition of hydroxylated lecithin at 0.25  drOPIets are brought into close proximity). However, little
information on the coalescence of oil droplets in food emulsions
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The aim of this work was to investigate the properties of with di obtained from the MasterSizer data. The relative number of

emulsions formed with WPH and hydroxylated lecithin and emulsion droplets can then be obtained from

containing xanthan gum, guar gum,«ecarrageenan at neutral

pH. The stability of the emulsions with respect to coalescence, N _ [(@s0ol?

flocculation, and creaming was examined using time-dependent No | (d30)—

droplet size measurements, confocal laser scanning microscopy

(CLSM), and viscometry. Kinetic plots of In(\/Ng) versus storage time for emulsions
containing different concentrations of polysaccharides gave a straight

MATERIALS AND METHODS line, with the slope being the apparent rate of coalesceige All
emulsions containing low polysaccharide concentrations and stored over

Materials. Whey protein hydrolysate powder (WPH 931 with a 27% relatively short times showed linear plots?(R 0.95).

degree of hydrolysis, containing 90.5% protein, 4.5% moisture, 2.8%  petermination of Creaming Stability. Creaming stability was

ash, 0.1% fat, and 0.2% lactose) was supplied by the Fonterra Co- getermined as described by Agboola et @). About 15 mL of freshly

operative Group. Hydroxylated lecithin (Precept 8120) was supplied prepared emulsion was poured into specially constructed “stability

by Central Soya Co. Inc., Fort Wayne, IN; the phospholipid content {hes” and the samples were kept at °ZD for 1 week. The tubes

was 95% (as acetone insolubles). Commercial xanthan gum (Keltrol ere graduated with 0.1 mL divisions. The separated cream layer was

T, standard 80-mesh) was purchased from Germanotown International,eaq after different times.

Ltd., Auckland, New Zealand. Commercial guar gum (Davisco DG confocal Laser Scanning Microscopy.A Leica (Heidelberg,

74) was purchased from Swift and Co. Ltd., Melbourne, Australia. Germany) confocal laser scanning microscope with a chosen objective

Commercial x-carrageenan (Bengel KK-100) was purchased from jens and an Ar/Kr laser with an excitation line of 488 nm (in such a

Woods and Woods Pty Ltd., Sydney, Australia. Corn oil was purchased yay that only the fluorescent wavelength band could reach the detector

from Davis Trading Co., Palmerston North, New Zealand. All of the = gystem) was used to determine the microstructure of the emulsions.

chemicals used were of analytical grade and were obtained from eithergmsions were made as described abex@mL of sample was taken

BDH Chemicals (BDH Ltd., Poole, U.K.) or Sigma Chemical Co. (St. i a test tube, Nile Blue (fluorescent dye) was mixed through, and then

Louis, MO) unless specified otherwise. . the emulsion was placed on a microscope slide. The slide was then
Preparation of Emulsions.Emulsions were prepared according to  covered with a coverslip and observed under the microscope.
the procedure described by Agboola et 8).With some modifications. Viscosity Measurements Viscosity was measured using a control

Appropriate quantities of WPH were dissolved in Milii-Q water at 60 stress Rheometrics S-5000 rheometer (Rheometrics Instruments, Pis-
£ 0.5°C with stirring for 15 min to give 4 wt % WPH in the final  cataway, NJ) equipped with cone and plate geometry. The cone diameter
emulsion. Hydroxylated lecithin (0.1 wt %) was dispersed in corn ol \as 40 mm, and the cone angle was 4°. All measurements were
at 60°C for 15 min before mixing with the WPH solution. Appropriate  performed in a steady stress sweep mode at a temperatureto025
amounts of xanthan gum, guar gum,«ecarrageenan were dissolved  °c 24 h after the emulsions were made.

in Milli-Q water at an appropriate temperature (8Dfor xanthan gum Statistical Analysis. Results were analyzed statistically using the

and «-carrageenan, 83C for guar gum) with stirring for 1 h. The \jinitab 12 for Windows package. Differences were considered to be
solutions of polysaccharides were then added to the WPH solution, significant atP < 0.05.

with stirring for 1 h, to give a range of polysaccharide concentrations

in the final emulsions. The pH of these solutions was adjusted in the RESULTS

range 6.8-7.0. The mixture of WPH, polysaccharide solution, and corn

oil was then homogenized in a two-stage homogenizer (APV 2000, Effect of Polysaccharides on Coalescence Stabilit¢hanges

Albertslund, Denmark) at a first-stage pressure of 20 MPa and at a in the average droplet sizekf) of emulsions containing different

second-stage pressure of 4 MPa. The emulsions were homogenizectoncentrations of polysaccharides as a function of storage time

twice for more effective mixing of the oil phase. Emulsions were gre shown inFigure 1. The ds, of all emulsions containing

prepared in duplicate. o _ xanthan gum, guar gum, or-carrageenan increased during
Determination of Average Particle Size A Malvern MasterSizer storage at 20C. The extent of increase iy, was dependent

MSE (Malvern Instruments Ltd., Worcestershire, U.K.) was used to the t d trati f ol haride. Emulsi
determine the average diametds,(anddss). The parameters that were on the type and concentration oOf polysaccharide. Emuisions

used to analyze the particle size distribution were defined by the COntaining«-carrageenan showed much less increaselsin
presentation code 2NAD. The relative refractive indily, that is, the ~ during storage than emulsions containing guar gum or xanthan
ratio of the refractive index of the emulsion particle (1.456) to that of gum. At a given storage time, the emulsions containing higher
the dispersion medium (1.33), was 1.095. The absorbance value of thepolysaccharide concentration had a larder In contrast, the

emulsion particle was 0.001. ds2 of emulsions containing no polysaccharides did not change
Calculation of the Rate of Coalescence in Emulsion Droplets. significantly during storage.
The rate of coalescence largely follows first-order kinetit§)(and Droplet size distributions of emulsions after storage for 4 h

can be represented as are shown irFigure 2. All emulsions showed some large-sized

droplets in the range of 18100 um; at a given concentration,
the proportion of large droplets was highest in the emulsions
containing guar gum followed by the emulsions containing
whereN; is the number concentration of droplets gt tim&p is the xanthan gum and-carrageenan.

number concentration of freshly formed droplets (time zero) Kayid When the emulsions that showed an increase in droplet size
the rate constant, which is related to the probability of the interdroplet after storage were dissolved in the sodium dodecyl sulfate (SDS)

film (interfacial layer) rupturing in time (17). The apparent rate of . - . - R .
coalescence (i was estimated by plotting Ingito) versust. When dissociating buffer, the bimodal size distribution did not change

the volume of emulsion droplets remains constant, that is, no oiling- (data not shown), indicating that the increase in emulsion size
off occurs in the emulsions, the relative droplet numi&iNo) can be was due to the coalescence of the emulsion droplets during
estimated using the method described by Das and Chati8jj The storage.

relationship between the emulsion droplet numidérand the mean In Figure 3, the apparent rate of coalescenkg) (s plotted
volume average droplet diametely, is as a function of the polysaccharide concentration in the
emulsionsK; increased almost linearly as the xanthan gum or
guar gum concentration increased from 0.01 to 0.12%. In
emulsions containing-carrageenark. increased with increas-

N/N, = e " @)

4 (G502 _
én(7) N = constant (2)
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F(i:gurg dlt Influetnhce of xanthafljn gtlln: (A)’ gu:r gu;n (B)’I or K-cfarragzeniﬂ Figure 2. Droplet size distributions of emulsions containing 0% (#), 0.01%
(C) addition on the average droplet sizes (ds;) of emulsions formed wi (W), 0.025% (a), 0.05% (x), 0.1% (x), and 0.12% (@) xanthan gum (A)

WPH and hydroxylated lecithin as a function of storage time at 20 °C. ) .
Polysaccharides at different concentrations, 0% (4), 0.01% (m), 0.025% ggagcgum (B). and «-carrageenan (C). Emulsions were stored for 4 h &t

(a), 0.05% (x), 0.1% (%), and 0.12% (@), were added before
homogenization. The data represent averages of two determinations.

result clearly indicates that the coalescence of droplets was

ing concentration up to 0.05%, bt decreased slightly as the  strongly enhanced by the addition of xanthan gum or guar gum
concentration was increased further, probably because of theand to a limited extent by-carrageenan addition.
high viscosity or the formation of a gel at highcarrageenan Effect of Polysaccharides on the Creaming Stability of
concentrations. Emulsions. Figure 4shows the changes in the cream layer of

The increase in th&. of the emulsions with an increase in  emulsions containing different concentrations of polysaccharides
the guar gum concentration was considerably larger than thatas a function of storage time. In the emulsions containing low
for the emulsions containing xanthan gumcerarrageenan. This  concentrations of polysaccharide.05%), the changes in the
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Figure 3. Apparent rate of coalescence (K¢) of droplets in emulsions
containing xanthan gum (W), guar gum (A), or x-carrageenan (@) as a
function of polysaccharide concentration (percent).
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cream layer of the emulsions containing xanthan gum, guar gum,
or k-carrageenan were similar; the extent of cream layer
formation increased gradually compared with the control (no
added polysaccharide) up+®24 h and then remained essentially
unchanged. In emulsions containing higher concentrations
(=0.05%) of xanthan gum or guar gum, the cream layer reached
a maximum in the initial 24 h (2 h for xanthan gum, 24 h for
guar gum), then slightly decreased until 50 h, and then remained
unchanged during the observation time (7 days). This behavior
was not observed in the emulsions containing higlarrageenan
concentrations. No creaming was observed in the emulsions
containing 0.1 or 0.12%-carrageenan during the storage time.
A gel was formed in the emulsions containird.1% «-car-

rageenan, which may have prevented creaming of the droplets.

After ~48 h of storage, the cream layer of all emulsions
remained unchanged; the extent of cream layer formation
followed the order emulsion containing guar gumxanthan
gum > k-carrageenan.

Micrographs of Emulsions Containing Polysaccharides.
CLSM showed that the fresh emulsions made without polysac-
charide had fine and uniform droplet distributiofdgure 5A).
Flocculation of the emulsion droplets occurred in the emulsions
formed with WPH containing 0.05% xanthan gum, guar gum,
or x-carrageenan (Figures 5C,&nd6A). After emulsions had

been stored for 24 h at room temperature, some apparently large

droplets were observedrigures 5B,D,Fand6B). These large
droplets were surrounded by many small droplets that had joined
with the large droplets. The CLSM micrographs showed that,
after storage, the emulsion containing guar gum had larger
droplets than the emulsions containing xanthan guma-car-
rageenan. This was consistent with the droplet size results
obtained using light scattering (Figure 1).

A gel was formed in the emulsion containing 0.1296ar-
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Figure 4. Changes in the cream layer (percent) as a function of storage

time (hours) for emulsions containing 0% (¢), 0.01% (M), 0.025% (a),

0.05% (%), 0.1% (x), and 0.12% (@) xanthan gum (A), guar gum (B),
and «-carrageenan (C). The data represent averages of two determina-

tions.

rageenan after the emulsion was cooled to room temperature.

The CLSM micrographsHigure 6C,D) showed that a fine
network structure of droplets had formed in this emulsion, in
which the large droplets distributed randomly within the network
formed by the small droplets.

Apparent Viscosity of Emulsions Containing Polysaccha-
rides. Viscosity versus shear rate plots for WPH-stabilized
emulsions containing different concentrations of xanthan gum,
guar gum, ork-carrageenan from 0 to 0.12% are shown in

Figure 7. The viscosities of the emulsions containing xanthan
gum were higher than those of the emulsions containing guar
gum at all concentrations and also higher than those of the
emulsions containing-carrageenan at concentration.1%,
particularly at low shear rates. The very high viscosity shown
in the emulsions containing 0.1 or 0.12%carrageenan
indicated gel formation in these emulsions.
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Figure 5. Confocal micrographs of emulsions containing no polysaccharide (A, B), 0.05% xanthan gum (C, D), and 0.05% guar gum (E, F). Emulsions
were stored for 0.5 h (A, C, E) and 24 h (B, D, F) at 20 °C.

DISCUSSION are stable to both drainage and rupture and hence to coalescence
(15). Peptides adsorbed at the droplet surface in WPH emulsions
Coalescence is determined mainly by the properties of the would almost certainly have a reduced surface viscosity
interface. It requires rupture of the stabilizing film at the-oil ~ compared with intact whey protein, and this could lead to
water interface, but this occurs only when the layer of continuous reduced stability to drainage and film rupture.
phase between the droplets has thinned to a certain critical Film thinning is enhanced by increasing the attractive forces
thickness. Factors that influence the drainage kinetics include between the droplets and reducing the continuous phase viscosity
the viscosities of the dispersed and continuous phases, thg15). The viscosity of the continuous phase increases by the
droplet deformability, the droplet size, the interdroplet forces, addition of polysaccharides to the continuous phase of emul-
the interfacial tension, and the mobility of the adsorbed film sions, which results in reduced mobility of the droplets and a
(15). Protein-stabilized emulsions, in which protein molecules reduced collision frequency. However, the results of the present
form a dense viscoelastic interfacial layer at the droplet surface, study were in contrast to those expected. The stability of the
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Figure 6. Confocal micrographs of emulsions containing 0.05% (A, C) and 24 h (B, D) at
20 °C.

emulsions decreased with the addition of polysaccharides in theflocculation) @, 6—8, 13, 21—23). The osmotic driving force

range of concentration used. that favors droplet aggregation increases as the concentration
In the absence of polysaccharides, the rate of coalescence obf polysaccharides in the aqueous phase incre@§s The

the emulsion formed by the WPH and hydroxylated lecithin different rates of coalescence in emulsions containing xanthan

was low. This is attributed to the adsorption of high molecular gum, guar gum, ot-carrageenan may be attributed to different

weight peptides in the WPH and hydroxylated lecithin at the physicochemical characteristics of these polysaccharides. Deple-

oil droplet interface of emulsion3j. In emulsions containing  tion flocculation theories state that the attraction force is

polysaccharides (above a certain critical concentration), the dependent on the radius of gyration and the molecular weight

droplets were flocculatedF{gures 5 and 6), resulting in of the polysaccharide molecules (25).

enhanced creaming (Figure 4). In the flocculated emulsions, ~When the attraction force is the strongest, that is, droplets

the rupture of the interfacial film was largely dependent on the come into contact, the droplet—droplet interaction potential,

properties of interfacial layers. No coalescence was observed—wged0), is given by the expressio24)

in the emulsion stabilized by whey protein isolate (WPI) (intact

protein molecules) in the presence of polysaccharides during W, (0)= — &I’ﬁ 1 1@ @+g (4)

storage (data not shown), although flocculation had occurred dep( 2 p 2 p Vg 3

in these emulsions. In these emulsions, whey protein molecules

probably formed a dense viscoelastic interfacial layer at the wherec is the polysaccharide concentration (in kg3 p is

droplet surface, which was stable to drainage and rupture.the polysaccharide density (in kg™), yq is the radius of the

However, in the WPH emulsion, peptide fragments obtained emulsion dropletsyq is the radius of gyration of the molecule,

from whey protein hydrolysis formed a weaker and looser andR, is given by

mobile structure than that of intact whey protein, and this

resulted in the coalescence of flocculated droplets. R, = 4nyg3pNA/3M (5)
Xanthan gum, guar gum, and-carrageenan show little
surface activity (19) and very weak ability of adsorpti@d) Na is Avogadro’s number ani is the molecular weight of

at neutral pH. Thus, the nonadsorbing molecules of xanthanthe polysaccharide.

gum, guar gum, angd-carrageenan in the continuous phase can  From this theoretical prediction, the droptetroplet inter-
induce flocculation in emulsions when they exceed a certain action potential,—wged0), increases with an increase in the
critical concentration because of an osmotic effect (depletion polysaccharide concentration. Also, the depletion attraction will
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average radii of gyration are100, ~150, and~50 nm for
xanthan gum, guar gum, andcarrageenan, respectivel9§

27). Using the above theory, the droptetroplet interaction
potential,—Wged0), in the emulsionsr§ was~0.5xm) induced

by polysaccharides was calculated, and the changes in
—Wged0)/KT with varying xanthan gum, guar gum, ecarra-
geenan concentrations are shownFigure 8. The —Wged0)
increased with increasing concentration of polysaccharides; the
increase in—Wged0) in the emulsions containing guar gum was
considerably larger than that in the emulsions containing xanthan
gum ork-carrageenan, and the emulsions containirgarra-
geenan had the lowest increase -wged0). At 0.05%, the
interaction potentialsrwged0), of emulsions containing xanthan
gum, guar gum, ok-carrageenan were 1X8, 5.KT, or 1.XT,
respectively. The results of this calculation indicate that the
extent of flocculation in the emulsions containing polysaccha-
rides followed the order guar gum xanthan gun> «-carra-
geenan, which is consistent with the results of the rate of
coalescence and creaming in these emulsions (Figure 3). The
trends of changes in the rate of coalescence in the emulsions
were similar to the trends of changes-wyed0) (Figure 8).

This indicates that the coalescence of emulsions is driven by
the depletion interaction force between the droplets and that
the rates of coalescence in emulsions containing different
polysaccharides largely depend on the strength of depletion
force, which in turn depends on the radius of gyration and the
molecular weight of the polysaccharide.

It was also noted that, in the emulsions containing high
concentrations (=0.1%) of polysaccharide, the incread€:in
with concentration was slower than the increase-inge 0)
with concentration (Figure 8). This may suggest that other
factors, that is, increased viscosity because of the presence of
polysaccharides, would also influence the coalescence of
emulsion droplets. Higher viscosity as a result of the presence

largely increase with an increase in the radius of gyration of of polysaccharides could slow the rate of drainage. It is
the polysaccharide molecules and decrease with an increase innteresting to note that the viscosity of emulsions containing
the polysaccharide molecular weight, when the radii of the xanthan gum was higher than that of emulsions containing guar

emulsion droplets are similar.

gum at the same concentratidfiqure 7). Therefore, the higher

The molecular masses of xanthan gum, guar gum, andrate of coalescence in the emulsions containing guar gum was
k-carrageenan have been reported to~#&0 x 108, ~2.0 x

105, and~3.1 x 1C° Da at 50°C, respectively 26, 27). The

probably a result of a higher droptediroplet interaction
potential, —wged0), and a lower viscosity.
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In the emulsions containingcarrageenan, a gel was formed
at concentrations 0.1%. Creaming did not occur, and the rate
of coalescence was lower in the gelled emulsions. However,
CLSM micrographs showed that flocculation of droplets had
occurred in these emulsionBigure 6); this flocculation may

have occurred before the emulsion gel was formed, because the

emulsions were homogenized at 80. At this temperature,

k-carrageenan has a coil (disordered state) structure; the coil

structure could induce depletion flocculation, which would
subsequently enhance the coalescence of droplets. Wban

rageenan undergoes a coil to helix (ordered state) transition to

form a gel at temperatures25 °C, coalescence is markedly
reduced.
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