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Rheology and Oxidative Stability of Whey Protein
Isolate-Stabilized Menhaden Oil-in-Water
Emulsions as a Function of Heat Treatment
CHANGHUI SUN AND SUNDARAM GUNASEKARAN

ABSTRACT: Menhaden oil-in-water emulsions (20%, v/v) were stabilized by 2 wt% whey protein isolate (WPI) with
0.2 wt% xanthan gum (XG) in the presence of 10 mM CaCl2 and 200 μM EDTA at pH 7. Droplet size, lipid oxidation,
and rheological properties of the emulsions were investigated as a function of heating temperature and time. During
heating, droplet size reached a maximum at 70 ◦C and then decreased at 90 ◦C, which can be attributed to both heat-
ing effect on increased hydrophobic attractions and the influence of CaCl2 on decreased electrostatic repulsions.
Combination of effects of EDTA and heat treatment contributed to oxidative stability of the heated emulsions. The
rheological data indicate that the WPI/XG-stabilized emulsions undergo a state transition from being viscous like to
an elastic like upon substantial thermal treatment. Heating below 70 ◦C or for less than 10 min at 70 ◦C favors droplet
aggregation while heating at 90 ◦C or for 15 min or longer at 70 ◦C facilitates WPI adsorption and rearrangement. WPI
adsorption leads to the formation of protein network around the droplet surface, which promotes oxidative stability
of menhaden oil. Heating also aggravates thermodynamic incompatibility between XG and WPI, which contributes
to droplet aggregation and the accumulation of more WPI around the droplet surfaces as well.

Keywords: droplet aggregation, droplet size, lipid oxidation, rheology, thermodynamic incompatibility, whey
protein isolate, xanthan gum

Introduction

Proteins and polysaccharides are two of the most important
functional biopolymers added in emulsion-based food prod-

ucts to control the stability, texture, shelf life, and overall appear-
ance of food emulsions (Dickinson and McClements 1995). Whey
protein isolate (WPI) is an excellent emulsifier and widely used
in food emulsions due to its surface-active property. WPI is ad-
sorbed at the oil–water interface to form a protective film and pro-
vides structural support for oil droplets through a combination of
electrostatic and steric interactions (Reiffers-Magnani and others
2000; Djordjevic and others 2004; Gwartney and others 2004). Xan-
than gum (XG) is an extracellular polysaccharide produced by Xan-
thomonas campestris and is a good choice to stabilize food emul-
sions due to its desirable stabilizing and antioxidant properties as
we previously reported (Sun and others 2007). XG is a nonadsorb-
ing polysaccharide since the individual molecules do not physi-
cally associate with each other (Euston and others 2002). One of the
most remarkable properties of XG is its pseudoplasticity: when XG
is added to liquids, it provides a large increase in the viscosity at rest
and yet the liquids can be easily poured. Unlike many other hydro-
colloids, XG is very stable under a wide range of temperatures and
pHs.

Ca2+ is nutritionally valuable in food products with a typical con-
centration ranging from 10 to 30 mM (Keowmaneechai and Mc-
Clements 2006). However, the addition of Ca2+ may stabilize or
destabilize oil-in-water (O/W) emulsions depending on the con-
centration of added Ca2+ and the protein. Dickinson and Golding
(1998) and Dickinson and others (2003) reported that moderate
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concentration of Ca2+ may inhibit depletion flocculation com-
pletely because addition of Ca2+ may substantially reduce the os-
motic pressure of protein in the aqueous phase, leading to the free
energy of depletion interaction too small to flocculate. Ethylene-
diaminetetraacetate (EDTA), a chelating agent, is one of the most
commonly used food ingredients for sequestering multivalent ions
(Miller 1996; Keowmaneechai and McClements 2002). EDTA is
probably the most successful and effective antioxidant used in O/W
emulsions, which acts by preventing metal redox cycling, occupy-
ing metal coordination sites, and steric hindrance of interactions
between lipids and metals (McClements and Decker 2000; Alamed
and others 2006). However, addition of Ca2+ in O/W emulsions may
decrease the effectiveness of EDTA in chelating iron, a dominant
prooxidant, because Ca2+ can compete to bind EDTA with iron
(Keowmaneechai and McClements 2006). Sun (2006) reported that
addition of 10 mM CaCl2 and 200 μM EDTA before heating pro-
tected oil droplets against oxidation and stabilized the emulsions
via ionic bonding and electrostatic screening.

During the preparation of emulsions-based food products, heat-
ing is almost inevitably required at some stage from mixing of the
ingredients to packaging of the final product. Such thermal treat-
ments can result in protein denaturation in protein-based food
emulsions due to the conformational changes that expose non-
polar and reactive thiol groups and cause protein aggregation via
noncovalent interactions and covalent disulphide bond formation
(Verheul and Roefs 1996). Main forces involved in the stability of
protein structure are hydrogen bonds, electrostatic interaction, hy-
drophobic effects, and disulfide bonds. Heating of protein solu-
tions may weaken hydrogen bonds and electrostatic interactions
but strengthen hydrophobic effects (Kim and others 2005). Par-
tial denaturation of WPI usually improves its emulsifying capac-
ity due to an increase in the surface hydrophobicity and molecular
flexibility (Kato and others 1983). However, extensive denaturation
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may result in poor interfacial mechanical properties, which would
be detrimental to long-term stability of emulsions (Kim and oth-
ers 2005). Addition of XG may affect the denaturation and aggre-
gation behaviors of WPI. Bryant and McClements (2000) observed
phase separation in the mixed solution of XG and heat-denatured
WPI due to thermodynamic incompatibility.

The objective of this study was to investigate droplet size, ox-
idative stability, and rheological properties of WPI-stabilized emul-
sions containing XG as a function of heating temperature and time
in the presence of CaCl2 and EDTA. This study would help under-
stand the mechanism of interactions between heat-denatured WPI
and XG in the emulsions and facilitate formulation of food emul-
sions with desirable texture and appearance.

Materials and Methods

Materials
Menhaden oil (eicosapentaenoic acid [EPA], 8% to 18%; docosa-

hexaenoic acid [DHA], 7% to 18%; total ω-3 PUFAS, 20% to 26%;
200 THBQ and 1000 ppm mixed tocopherols) was obtained from
Omega Protein, Inc. (Reedville, Va., U.S.A.). WPI (protein, 98 wt%;
moisture, 4.4 wt%; ash, 1.8 wt%; fat, 0.3 wt%) was obtained from
Davisco Foods Intl., Inc. (Eden Praire, Minn., U.S.A.). XG was pur-
chased from Aldrich Chemical Co., Inc. (Milwaukee, Wis., U.S.A.).
Cumene hydroperoxide was purchased from Sigma Chemical Co.
(St. Louis, Mo., U.S.A.). Para-anisidine, ammonium thiocyanate,
ferrous sulfate, barium chloride, isooctane, isopropanol, butanol,
and methanol were purchased from Fisher Scientific (Fair Lawn,
N.J., U.S.A.). All other reagents were of analytical grade or purer and
distilled water was used to prepare all the solutions.

Emulsion preparation
WPI solutions and XG solutions were prepared separately by dis-

solving measured quantities of WPI and XG powders into distilled
water at room temperature, followed by stirring for 6 h to ensure
complete dispersion. O/W emulsions were prepared by slowly mix-
ing menhaden oil into WPI solutions, then adding XG solutions into
the mixture of WPI solution/menhaden oil, finally emulsifying the
mixtures of WPI solution/menhaden oil/XG solution 3 times with a
PowerGen 125 homogenizer at 75-W output for 2 min (Fisher Sci-
entific). To the WPI/menhaden oil/XG mixture, 0.11 wt% of CaCl2

powder was added right before emulsification to obtain 10 mM
CaCl2 in the final emulsion. Certain volume of 10 mM EDTA solu-
tion was added right after emulsification to get 200 μM EDTA in the
final emulsions. Sodium azide (1%, w/v) was added as an antimi-
crobial agent. The additions of CaCl2 and EDTA changed the pH
values of the emulsions so 0.1 N HCl and 0.1 N NaOH were mixed
to adjust pH values of the final emulsions to 7. The final emulsions
contained 20 v/v% menhaden oil, 2 wt% WPI, 0.2 wt% XG, 10 mM
CaCl2 and 200 μM EDTA, and 0.02% (w/v) sodium azide at neutral
pH. All emulsions were prepared in duplicates.

Effect of heating temperature and heating time
Four 60-mL aliquots of emulsions were transferred to 125-mL Er-

lenmeyer flasks. One was kept at room temperature (25 ◦C) and
other 3 in a water bath for 5 min at 55, 70, and 90 ◦C, respec-
tively. Emulsions were heated for 5 min because prolonged heat-
ing at 90 ◦C would lead to the formation of elastic gels, which
cannot be compared in parallel with the emulsions heated at other
temperatures. Therefore, to determine the effect of heating time,
only 1 temperature was used (70 ◦C) for different durations of 0 to
30 min. After the heat treatment, the emulsions were cooled down

to room temperature by placing the Erlenmeyer flasks in a wa-
ter bath at room temperature. All the emulsions were prepared in
duplicates.

Droplet size characterization
A particle size analyzer (90Plus, Brookhaven Instruments Corp.,

N.Y., U.S.A.) was used to determine the surface-area-average diam-
eter (d32) of the emulsions. The d32 of the droplets was calculated
as:

d32 =
∑

ni d 3
i

∑
ni d 2

i

where ni is the number of droplets of diameter di. To prevent multi-
ple scattering effects, the emulsions were diluted with distilled wa-
ter or 10 mM CaCl2 solution to keep the concentration typically
between 10−5 and 10−2 volume fractions prior to particle size mea-
surements. At such low concentration, the difference between oil
droplet volume and liquid volume is insignificant, and the differ-
ence between volume fraction φ and mass concentration is often
ignored. The refractive index of the emulsion droplets was 1.456.

Rheological measurements
Steady shear and dynamic shear measurements were performed

using a dynamic rheometer (Bohlin CVOR, Malvern Instruments
Inc., Southborough, Mass., U.S.A.). The 40-mm dia, 4◦ cone an-
gle cone-and-plate geometry (CP 40/4◦) was used for steady shear
tests and 20-mm parallel plate (PP 20) geometry was used for dy-
namic shear tests. All measurements were performed within 24 h
after emulsion preparation. Emulsion viscosity was measured at
25 ± 0.1 ◦C over a shear rate range of 0.0716 to 100 per second.
Power-law model was used to analyze the flow curves: σ = K · (γ̇ )n,
where σ is shear stress, K is consistency index, γ̇ is shear rate, and
n is flow behavior index.

For dynamic shear tests, the emulsions were poured directly on
the holding stage of the rheometer and covered with a thin layer
of paraffin oil to prevent water evaporation during measurement.
Strain sweep tests were performed at a fixed frequency of 1 Hz and
25 ◦C isothermal conditions. The amplitude of strain was swept
from 0.01 to 10 with a logarithmic scale increment. Both elastic
modulus G ′ and viscous modulus G ′′ were measured as a function
of strain (γ ). Strain sweep was performed first to determine the lin-
ear viscoelastic region. Frequency sweep tests in the range of 0.1
to 10 Hz were performed at constant strain (within the linear vis-
coelastic region). The frequency at the G ′ – G ′′ crossover point is
called the characteristic frequency (fc), which is related to the re-
laxation time of the system (Tadros 2004). Phase angle (δ) curves
exhibit the relationship between G ′ and G ′′, that is, tan δ = G ′′/G ′;
so a crossover occurs at δ = 45◦.

Lipid oxidation measurements
The effects of temperature and heating time on oxidative stabil-

ity of WPI-stabilized emulsions were evaluated during 2 wk of stor-
age at room temperature. Emulsion samples (40 mL) were taken in
sealed 150-mL Erlenmeyer flasks and covered with aluminum foil
to avoid exposure to light, which is an oxidation initiator. Peroxide
value (PV) and anisidine value (AV) were measured to evaluate ox-
idative stability of oil droplets in the heated emulsions.

The PV was determined by adding 0.3 mL emulsion to 1.5
mL of isooctane/isopropanol (3 : 2, v/v), followed by vortexing 3
times for 10 s each. After centrifuging for 2 min at 10000 rpm,
0.2 mL of the clear upper solvent layer was collected and mixed
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with 2.8 mL of methanol/1-butanol (2 : 1, v/v) and 30 μL of
thiocyanate/Fe2+ solution and then vortexed. The thiocyanate/
Fe2+ solution was made by mixing 1 part 3.94 M thiocyanate so-
lution with 1 part 0.072 M Fe2+ solution (obtained from the super-
natant of a mixture of 1 part 0.144 M FeSO4 and 1 part 0.132 M BaCl2

in 0.4 M HCl). Absorbance was measured at 510 nm after 20 min
incubation at room temperature. Lipid hydroperoxide concentra-
tions (measured as PV) were determined using a cumene hydroper-
oxide standard curve (Richards and others 2002). The induction
period is the time when the PV sharply increase.

The AV test was modified according to the British Standard
Method (Rossell 1986): 0.5 to 4 mL emulsion was added into a
25-mL volumetric flask and made up to the mark with isooctane.
The test tubes were vortexed twice for 10 s each. After centrifu-
gation for 10 min at 5000 rpm, the absorbance (A1) of the sam-
ples was measured at 350 nm against a pure isooctane blank using
spectrophotometer (UV-1601PC, Shimadzu Corp., Columbia, Md.,
U.S.A.). Sample (5 mL aliquot) or 5 mL isooctane (as blank) was
then transferred to 10-mL test tubes and 1-mL para-anisidine so-
lution (0.25% [w/v] solution in glacial acetic acid) was added. After
vortexing for 10 s and standing for 10 min, its absorbance (A2) was
measured at 350 nm against the isooctane blank containing para-
anisidine. The AV were calculated using the following equation:

AV = 25 × (1.2 × A2 − A1)
Sample mass

Statistical analysis
All experiments were performed in duplicates. Analysis of vari-

ance (ANOVA) was used to determine if the means of responses
were significant (P < 0.05) (Microsoft Excel 2003, Microsoft Corp.,
Redmond, Wash., U.S.A.).

Results and Discussion

Effects of heating temperature and time on droplet
size (d32)

The effects of heating temperature and dilution agent on droplet
size are shown in Figure 1. The data show that heating tempera-
ture had no significant effect on droplet size when the measure-
ments were taken upon the dilution of distilled water. However,
when the emulsions were diluted by 10 mM CaCl2, droplet size
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Figure 1 --- Effect of heating temperature (◦C) on droplet
size (d32) of 2 wt% WPI-stabilized emulsion containing
0.2 wt% XG and 20% (v/v) menhaden oil.

first reached a maximum at 70 ◦C and then decreased at 90 ◦C.
The effect of heating time at 70 ◦C on droplet size is shown in Fig-
ure 2. Upon water dilution, droplet size was independent of heating
time. However, upon CaCl2 dilution, d32 increased initially to 3 μm
for 10 min of heating treatment but it subsequently decreased to
1.5 μm for 30 min. The effect of heating time at 70 ◦C on droplet
size shows a trend somewhat similar as heating temperature. Ap-
parently, the emulsion droplet aggregate via depletion flocculation
in the initial stage of heating and further heating causes the aggre-
gates to fall apart. Such a change in droplet size upon CaCl2 dilution
has been reported in whey protein-stabilized O/W emulsions with-
out XG (Demetriades and others 1997; Sliwinski and others 2003).
These results indicate that nonadsorbing XG does not complex with
heat-denatured WPI at the droplet surfaces. A significant fraction of
2 wt% of WPI left unadsorbed in the aqueous phase after sufficient
amount of WPI is adsorbed at the droplet surfaces to adequately
stabilize the emulsions droplets (Sun and Gunasekaran 2009). Dur-
ing heating, both XG and unadsorbed WPI in the aqueous phase
contribute to the enhancement of droplet aggregation via depletion
flocculation.

The differences between the results of water dilution and CaCl2

dilution suggest that the change in droplet size is due to droplet
flocculation rather than droplet coalescence. Dickinson (2001) re-
ported that the stability of emulsions containing whey proteins was
very sensitive to the ionic strength. Water dilution lowers the ionic
strength around the droplets and changes their effective charges
and subsequently strengthens electrostatic repulsion and steric
stabilization between emulsion droplets. WPI molecules adsorbed
at the droplet surfaces can extend several nanometers into the
aqueous phase (Le Bon and others 1999), and prevent the droplets
from getting close to each other. Therefore, little changes were ob-
served in droplet size upon water dilution measurements.

On the other hand, CaCl2 dilution does not change the ionic
strength of the system and hence can obtain the real properties
of droplets such as surface charge and droplet size. The initial in-
crease and subsequent decrease in droplet size during heating can
be explained by droplet aggregation and the extent of aggregation.
Droplet aggregation may be due to the combined contribution of
both the effect of heating on increased hydrophobic attractions and
the influence of CaCl2 on decreased electrostatic repulsions (Keow-
maneechai and McClements 2006). Holding the emulsions at 70 ◦C
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Figure 2 --- Effect of heating time on droplet size (d32) of
2 wt% WPI-stabilized emulsion containing 0.2 wt% XG
and 20% (v/v) menhaden oil at 70 ◦C.
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for 10 min caused droplet size to significantly increase, which indi-
cates that hydrophobic attraction may be strong enough to over-
come electrostatic repulsion and thus induced extensive droplet
aggregation. With further heating, substantial unfolding and denat-
uration increases surface hydrophobicity and accumulates more
WPI at the droplet surfaces. Meanwhile, thermodynamic incom-
patibility between XG and unadsorbed WPI in the aqueous phase
is more pronounced during heating. As a result, more WPI are ad-
sorbed at the droplet surfaces and less unadsorbed WPI are left
in the aqueous phase. Euston and others (2002) reported that the
removal of unadsorbed protein in the aqueous phase significantly
reduced the aggregation rate. Consequently, the rate of droplet ag-
gregation decreases and some aggregates may fall apart, leading to
smaller droplets in the emulsions under thermal treatment at 90 ◦C
or at 70 ◦C for 15 min or longer.

The competition between inter- and intra-droplet interactions
(Dickinson and Matsumura 1991; Demetriades and others 1997)
may also help explain the reduction in droplet size at 90 ◦C or
for prolonged heating at 70 ◦C. When the emulsions are heated
at 90 ◦C or for over 10 min at 70 ◦C, one or more WPI molecules
are adsorbed at the same droplet and intra-droplet interactions
are favored, so electrostatic repulsion and steric stabilization are
strengthened; the degree of aggregation is reduced and a viscoelas-
tic WPI layer is likely formed around an emulsion droplet. When
the emulsions are heated for shorter time (<10 min) at 70 ◦C,
one or more WPI molecules are adsorbed at different droplets and
inter-droplet interactions are favored, so emulsion droplets tend to
aggregate. Thus, inter-droplet interactions lead to an increase in
droplet aggregation while intra-droplet interactions lead to an in-
crease in droplet viscoelasticity.

Effect of heating temperature and time
on oxidative stability

Temperature had no significant effect on the oxidation of oil
droplets in the emulsions up to 70 ◦C during 2 wk of storage,
but oxidative stability improved significantly (P < 0.05) as for the
emulsions with 90 ◦C of thermal treatment (Figure 3A and 3B).
Lower peroxide and anisidine values are indicators of better stabil-
ity against oxidation. The initial peroxide and anisidine values of
menhaden oil in the emulsions were 2.67 mmol/kg oil and 0.03, re-
spectively. After 2 wk of storage, the decreased PV and increased
AV suggest that the 1st oxidation step (formation of hydroperox-
ides) might be almost inhibited and the secondary oxidation step
(decomposition of hydroperoxides) slowly proceeded. The inhibi-
tion may be attributed to the effects of EDTA and heat treatment.
Alamed and others (2006) stated that 2.5 μM EDTA can completely
inhibit oxidation and calcium has a lower tendency to bind with
EDTA than does iron. Our data indicate that 200 μM EDTA might
be enough to inhibit oxidation of oil droplet in the emulsions in
the presence of 10 mM CaCl2. Lower peroxide values at 90 ◦C sup-
port that heating contributes to better protection against oxidation
as well. Higher denaturation rate upon substantial thermal treat-
ment (90 ◦C) leads to an increase in the adsorbed amount of WPI
and facilitates WPI–WPI interactions at droplet surfaces, which re-
sults in the formation of viscoelastic WPI layers around the droplet.
These thick layers become barriers to prooxidants in the aqueous
phase and protect emulsion droplets against oxidation (Kiokias and
others 2007). PV decreased with heating time, a trend similar to
that with heating temperature (Figure 4). Lower PV and negligi-
ble change in AV at higher temperature or longer time of heating
indicate that lipid oxidation could be effectively reduced or even
completely inhibited in WPI/XG-stabilized system. Better protec-
tion against oxidation at 90 ◦C or for over 10 min of heating at

A

B

Figure 3 --- (A) Effect of heating temperature (◦C) on pri-
mary lipid oxidation (PV) of 2 wt% WPI-stabilized emul-
sion containing 0.2 wt% XG and 20% (v/v) menhaden oil.
Means of PV followed by the different letters (a, b, c) are
significantly (P < 0.05) different. (B) Effect of heating tem-
perature (◦C) on secondary lipid oxidation as measured
by anisidine value of 2 wt% WPI-stabilized emulsion con-
taining 0.2 wt% XG and 20% (v/v) menhaden oil. Means of
AV followed by the different letters (a, b, c, d) are signifi-
cantly (P < 0.05) different.

Figure 4 --- Effect of heating time on primary lipid oxidation
as measured by peroxide value of 2 wt% WPI-stabilized
emulsion containing 0.2 wt% XG and 20% (v/v) menhaden
oil at 70 ◦C. Means of PV followed by the different letters
(a, b, c, d, e, f, g) are significantly (P < 0.05) different.
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70 ◦C supports the suggested mechanisms of droplet aggregation
and protein adsorption as well. At less than 10 min of heating, heat-
denatured WPI was favored to be available for droplet aggregation
while at 90 ◦C or longer time of heating, more heat-denatured WPI
was available for adsorption at the droplet surfaces (Sliwinski and
others 2003). Addition of incompatible XG enhanced both droplet
aggregation and additional WPI adsorption in the heated emul-
sions since thermodynamic incompatibility between WPI and XG
in the aqueous phase was more pronounced upon heating (Bryant
and McClements 2000). As a result, increased amount of WPI is
expected to be adsorbed at droplet surfaces, which renders better
protection against oxidation since WPI can act as an effective an-
tioxidant in the emulsions (Sun and others 2007).
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Figure 5 --- Effect of heating temperature on flow curves
of 2 wt% WPI-stabilized emulsion containing 0.2 wt% XG
and 20% (v/v) menhaden oil.

Effect of heating temperature on rheological
properties

Flow curves of 2 wt% WPI-stabilized emulsions, as a function of
heating temperature, are shown in Figure 5. Addition of XG ren-
dered all the emulsions strongly shear-thinning. Heating at 90 ◦C
significantly shifted flow curves up; this increase in emulsion vis-
cosity is attributed to the adsorption of increased amounts of
WPI at the droplet surface and the formation of viscoelastic layers
around the droplet. A small shift up in viscosity profile of emulsions
at 70 and 55 ◦C is due to droplet aggregation but this change is not
significant compared to the viscosity profile of unheated emulsion
(at 25 ◦C).

The strain sweep measurement data (Figure 6) show similar
trends when the emulsions are heated at 25, 55, and 70 ◦C, but the
trend is much different at 90 ◦C. When the emulsions are heated
below 70 ◦C, the G ′ value starts out being close to but lower than
G ′′ value before G ′ value substantially drops off. However, at 90 ◦C
the G ′ value starts out being greater than the G ′′ value and subse-
quently crosses over G ′′ curve. These results indicate that the emul-
sions undergo a transition from a viscous to an elastic state when
heated from 70 to 90 ◦C. The critical strain (γ c) is independent of
heat treatment when the emulsions are heated below 70 ◦C. How-
ever, when the heating temperature is increased from 70 to 90 ◦C, γ c

dramatically decreases from 0.484 to 0.046, which indicates that the
emulsions are more elastic at 90 ◦C and an emulsion gel is formed.

The mechanical spectra of the emulsions are shown in Figure 7.
Heating emulsions below 70 ◦C has no significant effect on G ′

and G ′′ but both values increased with frequency with a distinct
crossover point. The n values for each curve are summarized in
Table 1. The data show that emulsions heated below 70 ◦C are close
to being classically viscoelastic, that is, G ′(ω) ∝ ω2 and G ′′(ω) ∝ ω

(Tadros 1994), with deviations from these ideal conditions oc-
curring as temperature increased. However, for emulsions heated
at 90 ◦C, the G ′ value is significantly greater than the G ′′ value
over the entire frequency range, and both G ′ and G ′′ values are
nearly independent of frequency, with slopes of 0.28 and 0.21,

Figure 6 --- Effect of heating
temperature on strain sweep of
2 wt% WPI-stabilized emulsion
containing 0.2 wt% XG and 20% (v/v)
menhaden oil on strain amplitude
measurements: (A) 25 ◦C, (B) 55 ◦C,
(C) 70 ◦C, (D) 90 ◦C. The crossover
point between each dotted line and
X-axis represented the value of
critical strain for each curve.
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Figure 7 --- Effect of heating
temperature on frequency sweep of
2 wt% WPI-stabilized emulsion
containing 0.2 wt% XG and 20% (v/v)
menhaden oil: (A) 25 ◦C, (B) 55 ◦C, (C)
70 ◦C, (D) 90 ◦C.

Table 1 --- Fitting of power-law model (G′ or G′′ = K ∗ f n)
to frequency sweep of 2 wt% WPI-stabilized emulsions
containing 0.2 wt% XG and 20% (v/v) menhaden oil as a
function of heating temperature.

Heating n A n A

temperature (◦C) in G′ vs f R 2 in G′′ vs f R 2

25 1.69 ± 0.10a 0.980 0.81 ± 0.09a 0.952
55 1.43 ± 0.08a 0.983 0.68 ± 0.04a 0.988
70 1.42 ± 0.05a 0.993 0.66 ± 0.04a 0.986
90 0.28 ± 0.02b 0.994 0.21 ± 0.03b 0.990
AMeans within the same column, followed by the different letters (a, b) are signif-
icantly different (P < 0.05).

respectively. These are further evidences that elastic emulsion gels
are formed when the emulsions are heated at 90 ◦C. Heating the
emulsions below 70 ◦C did not significantly affect the relaxation
time and droplet–droplet interactions (Figure 7A to 7C) since fc was
independent of temperature. However, there is no crossover point
at 90 ◦C (Figure 7D) over the tested frequency range (0.1 to 10 Hz)
because the emulsions became elastic. These rheological data sup-
port the idea that elastic WPI layers are formed around droplets and
the emulsion gels are eventually developed at 90 ◦C.

Effect of heating time on rheological properties
As heating time increased, so did the emulsion viscosity over

the shear rate range tested, and all the emulsions showed simi-
lar strongly shear-thinning behavior due to the presence of XG. As
observed at shear rate of 50 per second in Figure 8, there is a slight
increase in emulsion viscosity from 0 to 10 min, but a substantial in-
crease after 10 min of heating. The initial small increase in emulsion
viscosity is attributed to the aggregation of emulsion droplets, and
the subsequent increase to increased WPI–WPI interactions and
formation of denser protein layers around the droplets. These re-
sults indicate that 10 min heating at 70 ◦C probably signifies a tran-
sition of the emulsion from liquid-like to gel-like system. Power-law
model constants K and n for flow curves are summarized in Table 2.
Increasing heating time from 0 to 10 min at 70 ◦C resulted in emul-
sions with slightly increased K values but statistically same n val-
ues. However, over 10 min of heating at 70 ◦C resulted in emulsions
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Figure 8 --- Effect of heating time at 70 ◦C on the viscosity
of 2 wt% WPI-stabilized emulsion containing 0.2 wt% XG
and 20% (v/v) menhaden oil under the shear rate of 50 per
second.

Table 2 --- Fitting of power-law model to flow curve of
2 wt% WPI-stabilized emulsions containing 0.2 wt% XG
and 20% (v/v) menhaden oil as a function of heating time.

Heating time (min) K (Pa.sn)A n A R 2

0 0.74 ± 0.01a 0.40 ± 0.01a 0.996
5 1.18 ± 0.12b 0.42 ± 0.02a 0.988

10 1.57 ± 0.09c 0.41 ± 0.01a 0.996
15 2.52 ± 0.36d 0.37 ± 0.03b 0.970
20 5.37 ± 0.24e 0.31 ± 0.01c 0.996
30 12.6 ± 0.3f 0.20 ± 0.005d 0.997
AMeans within the same column, followed by the different letters (a, b, c, d, e, f)
are significantly different (P < 0.05).

with substantially higher K values and significantly lower n values
due to the state transition.

Strain amplitude sweep data (Figure 9) show that heating the
emulsions at 70 ◦C for less than 10 min hardly has any effect on G ′
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and γ c but continued heating leads to a sharp increase in G ′ and a
significant decrease in γ c. These results can be attributed to differ-
ent mechanisms of interactions among the emulsion droplets in-
volved. During shorter heating time, noncovalent interactions are
responsible for the aggregation of emulsion droplets, including hy-
drogen bonding, and hydrophobic and electrostatic interactions.
Longer time of heating involves intermolecular disulfide bonds
in polymerization and formation of protein network (Dalgleish
1997).

The frequency sweep curves show that heating time greatly en-
hances the G ′ values (Figure 10). Slopes of the lines were deter-
mined by fitting power-law model (R2 > 0.97) and the values were
1.46, 0.97, 0.91, 0.41, and 0.30 corresponding to 5, 10, 15, 20, and 30
min of heating at 70 ◦C, respectively. The G ′ values were a strong
function of frequency for less than 15 min of heating.

When the emulsions are heated for less than 20 min at 70 ◦C,
phase angle decreases with tested frequency and passes through
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Figure 9 --- Effect of heating time (min) on the criti-
cal strain of 2 wt% WPI-stabilized emulsion containing
0.2 wt% XG and 20% (v/v) menhaden oil at 70 ◦C. The
crossover point between each dotted line and X-axis rep-
resented the value of critical strain for each curve.
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Figure 10 --- Effect of heating time (min) on frequency
sweep of 2 wt% WPI-stabilized emulsion containing
0.2 wt% XG and 20% (v/v) menhaden oil at 70 ◦C.

45◦, which represents the existence of a crossover point (Figure 11).
When the emulsions are heated at 70 ◦C for 30 min, phase angle
is always less than 45◦ and independent of frequency, which sug-
gests that the emulsion is more elastic with smaller γ c. The relax-
ation time data (Figure 12) show that heating the emulsions below
10 min at 70 ◦C has no significant effect on the droplet–droplet in-
teractions, but further heating greatly increases the relaxation time.
This demonstrates a significant increase in the interactions among
emulsion droplets, which results from the transition of interaction
contribution from weak noncovalent interactions to strong inter-
molecular bonds.

Conclusions

Upon heating menhaden O/W emulsions up to 90 ◦C, thermo-
dynamic incompatibility between XG and WPI is more pro-

nounced and contributes to the enhancement of both aggregation
rate and increased WPI adsorption at the droplet surfaces. The rhe-
ological properties of the emulsions suggest the formation of WPI
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Figure 11 --- Effect of heating time (min) on phase angle
of 2 wt% WPI-stabilized emulsion containing 0.2 wt% XG
and 20% (v/v) menhaden oil at 70 ◦C.
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Figure 12 --- Relaxation time of 2 wt% WPI-stabilized emul-
sions containing 0.2 wt% XG and 20% (v/v) menhaden oil
as a function of heating time (min) at 70 ◦C.
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matrix around the droplet during heating and contribute positively
to improved oxidative stability of menhaden oil in the emulsions.
Higher temperature (90 ◦C) and longer time (>10 min) of heating at
70 ◦C slightly increase emulsion droplet size, but significantly im-
prove both lipid oxidation and emulsion rheology. Emulsions un-
dergo a viscous to the elastic state transition upon heating from 70
to 90 ◦C or over 10 min at 70 ◦C.
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