
ABSTRACT: The effect of the molecular environment on the
physical and oxidative properties of homogenized or microflu-
idized fish oil-in-water emulsions (5% w/w tuna oil in pH 7 phos-
phate buffer) stabilized by whey protein isolate (WPI, 1 or 5%
w/w) or lecithin (2.5% w/w) was examined. Laser light-scattering
measurements showed that WPI-stabilized emulsions had smaller
particle sizes than lecithin-stabilized emulsions, and that higher
pressures reduced the particle size. WPI afforded more protec-
tion against oil oxidation than did lecithin, as evidenced by the
lower headspace propanal of emulsions as measured by GC-
headspace analysis, despite the larger interface in WPI-stabilized
emulsions. Reducing the concentration of WPI in emulsions from
5 to 1% decreased the oxidative stability of WPI-stabilized emul-
sions. The 1H NMR transverse relaxation times (T2) of FA chains
in emulsion droplets stabilized by the same surfactants made by
homogenization or microfluidization were different and not al-
ways related to particle size. The higher mobility (i.e., longer T2)
of the unsaturated parts of the FA chains within an oil droplet,
compared with the saturated parts, suggests that the unsaturated
components tended to stay in the core of the oil droplets. This ex-
perimental result supports the hypothesis reported in other litera-
ture that the more unsaturated FA are buried in the oil core of oil-
in-water emulsions. The lack of a universal correlation between
particle size and oxidation suggests that the mobility of particles
in an emulsion has an influence on the rate of oxidation.
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Fish oil is a rich source of long-chain n-3 FA, and these FA are
known to have a range of health benefits. Their potential role
in reducing the risk of coronary heart disease, inflammatory
disorders, and immune disorders has resulted in interest among
food manufacturers in fortifying foods with long-chain n-3 FA
(1,2). Because n-3 FA are polyunsaturated, and are therefore
very susceptible to oxidation, they need to be protected from
factors that promote oxidation (e.g., oxygen, light, free radi-
cals, and pro-oxidants) during transportation and storage, and
also when they are incorporated into manufactured food prod-

ucts. Oils containing n-3 FA may be incorporated into foods as
bulk oils, microencapsulated powders, or aqueous emulsions
(3–6). 

When incorporated into manufactured food products, the
oils are usually in the form of emulsions, in which they are sta-
bilized by surfactants. However, the oxidation of the n-3 FA is
still the major deteriorative reaction occurring in fish oil emul-
sions (7). The use of very high quality fish oils, with PV as low
as 0.1 meq/kg oil, has enabled the preparation of fish oil-en-
riched milks without a detectable fishy off-flavor during the
storage period (8). Other approaches used to improve the sta-
bility of n-3-rich oils in emulsions include changing the emul-
sifier type and concentration, altering the emulsion droplet
charge, increasing the thickness of the emulsifier layer, or
adding antioxidants and chelating agents (4,9–11).

Proteins and small-molecule surfactants have a strong ten-
dency to adsorb at the oil–water interface in food oil-in-water
emulsions (12). Proteins (e.g., whey proteins and caseins) and
low-M.W. surfactants (e.g., lecithin, Tweens, and sucrose FA
esters) have been used to stabilize n-3 oil emulsions. The pro-
tection afforded by the surfactants against oil oxidation de-
pends on the ingredient source, the concentration, the pH of the
emulsion, the methods used for the emulsification of the oil,
and the type of n-3 oils used (13–16). The effects of the molec-
ular environment (e.g., chemical structure of the lipids, oxygen
concentration, antioxidants, electrical charge, and physical bar-
riers to lipid oxidation) in food emulsions have been compre-
hensively reviewed (7). NMR techniques have been applied to
determine the particle size of emulsions in a wide range of
products, from cheese and margarine to crude oil emulsions,
and to characterize other emulsion properties such as the diffu-
sion and flow in emulsions, the diffusion of concentrated emul-
sions, and the shelf life and stability of emulsions (17). 1H
NMR has been employed to measure the chemical shift values
of specific oxidation products of ethyl docosahexaenoate with
and without an antioxidant (18) and the results are well corre-
lated with the PV and conjugated dienes of ethyl docosa-
hexaenoate detected by conventional analysis methods. The ef-
fect of the molecular environment, particularly the molecular
mobility inside the oil droplet and in the aqueous continuous
phase, on the physical and chemical stabilities of n-3 oil emul-
sions stabilized by different types of surfactants has rarely been
investigated. A correlation between an NMR characterization
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of the emulsions and other conventional analysis methods has
not been reported. 

In this study, a high-M.W. surfactant, whey protein isolate
(WPI), and a low-M.W. surfactant, lecithin, were selected to
make fish oil-in-water emulsions dispersed by either homoge-
nization or microfluidization (MF) in order to compare their
physical and chemical stabilities. These surfactants were cho-
sen because they have commonly been used to stabilize fish oil
emulsions. Laser light-scattering and headspace (HS) analyses
of propanal were used to measure particle sizes and to assess
oil oxidation, respectively. To further understand how the mo-
lecular environments affected the physical and chemical stabil-
ities of the tuna oil-in-water emulsions, 1H NMR techniques
were employed to characterize the dynamics of the molecular
environments of the oil droplets and in the continuous water
phase of the emulsions by measuring the transverse relaxation
time (T2). 

EXPERIMENTAL PROCEDURES

Materials. WPI and lecithin (Metarin P PCR Negative) were
purchased from Murray Goulburn Co-op Co. Ltd. (Brunswick,
Victoria, Australia) and Bronson and Jacobs Pty. Limited
(Homebush, New South Wales, Australia), respectively.
Propanal (>98% purity) was purchased from Sigma-Aldrich
Pty. Ltd. (Sydney, Australia). Tuna oil (HiDHA 25N Food) was
purchased from NuMega (Queensland, Australia). 

Emulsion preparation. For WPI-based emulsions, an appro-
priate amount of WPI powder was dispersed in 0.05 M phos-
phate buffer (pH 7.0) and stirred for 30 min at ambient temper-
ature (ca. 22°C). Tuna oil was removed from storage at −18°C
and melted completely in a water bath at 60°C prior to making
the emulsion. The oil was dispersed in the protein solution by
stirring mechanically for 15 min at 60°C to make a tuna oil-in-
water emulsion (pH 7, phosphate buffer) containing 5% (w/w)
tuna oil and 1 or 5% (w/w) WPI. For lecithin-based emulsions,
an appropriate amount of lecithin powder was dispersed in the
tuna oil at 60°C and the mixture was then added to 0.05 M
phosphate buffer solution and stirred for a further 15 min at
60°C to make a final formulation containing 2.5% (w/w)
lecithin and 5% (w/w) tuna oil. 

Emulsion processing. The aforementioned mixtures were
passed through a two-stage homogenizer at a first-stage pres-
sure of 17.2 MPa and a second-stage pressure of 3.4 MPa at
50°C or through a microfluidizer at 40 or 120 MPa with one
pass at 50°C. All processed emulsions were given ultra-high-
temperature treatment at 140°C for 3 s. The emulsion solutions
were stored at 25°C and removed from storage for testing at 24
h and at 2, 4, and 8 wk.

Particle size measurement. The particle size distribution
(PSD) of the emulsions stored at 25°C for 24 h or 2, 4, or 8 wk
were determined using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd., Malvern, Worcestershire, United Kingdom).
A particle refractive index of 1.456 and an absorption of 0 were
assumed for all emulsions. Samples were stirred and added to
circulating distilled water to obtain an obscuration of ca. 15%.

All measurements were carried out in triplicate at room tem-
perature (ca. 22°C). 

Propanal analysis. A standard series of 0.1, 0.5, 1, 5, and
10 µg propanal/g deionized water was freshly made on the test
day. In this study, a water solution of standard propanal was
used to calibrate the propanal concentration of the emulsion
samples. Five milliliters of the standard propanal solution or
emulsion was pipetted into a 20-mL HS GC vial. The vial was
sealed and equilibrated at 60°C for 30 min in an HS autosam-
pler. Approximately 0.6 mL of the HS vapor was directly trans-
ferred into the GC column (DB1, 30 m × 0.25 mm i.d., 5 µm
film thickness; Agilent Technologies Australia, Melbourne,
Australia). The GC column was programmed from 60°C, in-
creasing at a rate of 3°C/min to 75°C, then at 5°C/min to 90°C,
and finally at a rate of 20°C/min to 220°C, with a 10-min hold;
the column head pressure was maintained at 120 kPa. The FID
temperature was 240°C. The lowest detectable concentration
of propanal was ca. 0.03 µg propanal/g water. Triplicate sam-
ple analyses were carried out. 

NMR analysis. Proton relaxation measurements were made
using an NMR spectrometer, (Varian Unity Plus 300 MHz WB,
wide bore). Approximately 3 mL of the emulsion sample was
placed in a 10-mm (i.d.) NMR tube. The transverse relaxation
time (T2) of protons was measured by using Carr, Purcel, Mei-
boom, and Gill (CPMG) pulse sequences: 90(x) − [τ − 180(y)
− τ − echo]n. Acquisition parameters were set to a 90° pulse of
16 µs and a recycle delay of 2 s. The 90–180° pulse spacing (τ)
was set to 72 µs. A total of four scans were collected after vari-
able numbers of echoes for each measurement in an overall pe-
riod after the first pulse of 1 to 200 ms. All measurements were
performed at 20 ± 0.1°C. Relaxation curves obtained for the
resonance peaks using CPMG sequences were analyzed using
a single exponential curve fitting. When the proton chemical
shift spectra from different molecules with different T2 over-
lapped, the data were analyzed with a double exponential fit
using Igor curve-fitting software if a single exponential fit did
not match the data points. Igor software provides double expo-
nential parameters and visible fitting to the experimental data.
In standard proton and carbon NMR spectra, the chemical
shifts were given in relation to the external standard trimethyl-
silane as a reference. The water peak resonance at 4.8 ppm was
also used as an alternative reference.

RESULTS AND DISCUSSION

Particle size. Typical PSD profiles and D3,2 of the emulsions
(freshly made) are given in Figures 1 and 2 respectively. The
PSD data showed that emulsions processed by MF, stabilized
with the two surfactants, were unimodal and had smaller parti-
cles compared with emulsions processed by homogenization.
Homogenized emulsions had a major peak and a broad shoul-
der (Fig. 1), and other authors have also found that MF pro-
duced smaller and more homogeneous particles than did ho-
mogenized emulsions (19,20). There was the expected trend of
decreasing particle size with increasing pressure (19), and our
results agreed with the literature (Figs. 1, 2). The particle size
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of all the emulsions did not change over an 8-wk period. The
exception was the homogenized WPI-stabilized emulsion at
later stages of storage, but the reason for this change is not un-
derstood. 

The WPI concentration did not significantly affect the emul-
sion particle size, although there were slight decreases in
droplet size with increasing WPI concentrations from 1 to 5%
(Fig. 2). This is in line with the results of Faraji et al. (21), who

reported that the mean particle diameter of emulsions (contain-
ing 10% w/w oil) homogenized at 13.8 MPa stabilized by WPI
decreased from 0.59 to 0.46 µm when the concentration of WPI
was increased from 0.25 to 1.5%. 

The surfactant type had more of an effect on particle size.
The particles in emulsions stabilized by 5% (w/w) WPI were
smaller than those containing 2.5% (w/w) lecithin if the same
emulsification process was used (Figs. 1, 2). Osborn and Akoh
(11) reported that particle size distributions of emulsions (10%
oil) stabilized by 0.5% WPI were unimodal, with a narrower
distribution and smaller particle diameter (D3,2) than emulsions
stabilized by 0.5% sucrose FA esters. These results showed that
the high-M.W. protein emulsifier was more effective than the
low-M.W. surfactants for physical stabilization of the oil. 

Oxidative stabilities measured by HS analysis of propanal.
Aldehydes are considered to be one of a wide variety of differ-
ent molecules responsible for the characteristic chemical and
sensory properties of oxidized oils (7). For an oil rich in n-3
FA, propanal is an important indicator of oil oxidation. In this
study, the HS propanal concentration in fish oil emulsions sta-
bilized by WPI was always lower than that in lecithin-stabi-
lized emulsions during storage (Fig. 3). This was also observed
in our preliminary experiments, in which HS propanal values
after 2 wk of storage were 0.82 and 0.32 µg/g emulsion, re-
spectively, for microfluidized emulsions (40 MPa, 1 pass) with
1 and 5% (w/w) WPI and 0.88 µg/g emulsion for the emulsion
containing 2% (w/w) lecithin. Separate experiments with ho-
mogenized and microfluidized emulsions (120 MPa, 1 pass)
confirmed that the superiority of WPI over lecithin was main-
tained over a longer storage time (Fig. 3). After 8 wk of stor-
age, the concentration of propanal in the HS of homogenized
emulsions containing 2.5% lecithin was 5.3 times higher than
in homogenized emulsions containing 5% WPI (Fig. 3). The
partitioning of propanal between the oil phase, aqueous phase,
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FIG. 1. Effects of surfactant type and processing on the particle size dis-
tribution (PSD) of freshly made fish oil-in-water emulsions (5% w/w oil)
stabilized with 5% (w/w) whey protein isolate (WPI) or 2.5% (w/w)
lecithin. Homogenization (HOMO) passes at 17.2 and 3.4 MPa, and
one microfluidization (MF) pass at 120 MPa.

FIG. 2. PSD of freshly made fish oil-in-water emulsions as a function of
different surfactants (WPI, lecithin) and different processing conditions.
HOMO passes at 17.2 and 3.4 MPa, one MF pass at 40 or 120 MPa.
Vertically striped bars, solid bars, and horizontally striped bars repre-
sent 1% WPI, 5% WPI, and 2.5% lecithin, respectively. (The lecithin
emulsion was not processed at 40 MPa.) For abbreviations see Figure 1.

FIG. 3. Headspace analysis of propanal during storage at 25°C (tripli-
cate analysis) of emulsions with different surfactants [WPI, lecithin
(Lec)] and different processing conditions. HOMO passes at 17.2 and
3.4 MPa, one MF pass at 120 MPa. From left to right, bars represent
24 h, 2 wk, 4 wk, and 8 wk. (The 5% WPI-HOMO data set lacks a read-
ing at 8 wk because the sample was contaminated by bacteria.) For
other abbreviations see Figure 1.



and HS of different emulsions may affect the propanal detected
in the HS. This will depend on the solubility of the propanal in
the emulsions as well as the ability of the surfactant to interact
with the propanal. Meynier et al. (22) reported that proteins
have a tendency to bind aldehydes, particularly 2-alkenals. In-
creased interaction between whey protein and aldehydes oc-
curs with an increased length of the aldehyde carbon chain
(23), and for short carbon chain aldehydes (e.g., butanal and
hexanal), binding increases with increased pH values. From our
study, the HS propanal concentration of the WPI solution (5%
w/w) was 80% that of a pure water solution containing the
same propanal concentration. The interaction of lecithin with
propanal was not examined in this study. We concluded from
our results and the literature results just quoted that the HS
propanal was not quantitatively related to the absolute amount
of propanal formed when comparing emulsions with different
binding capacities for propanal. However, the HS propanal was
taken as a good indicator of the development of rancid odors in
the oil. Hence, there was some uncertainty about the absolute
amount of propanal developed, but only HS propanal relating
to the odor of the emulsions could be compared. HS propanal
is known to be linked to sensory properties. McClements and
Decker (7) reported that WPI inhibits lipid oxidation in oil-in-
water emulsions either at the emulsion droplet interface or in
the aqueous phase. Osborn and Akoh (11) reported that WPI
was a better antioxidative surfactant than the low-M.W. surfac-
tant sucrose FA, an observation that is in line with our results.
A higher concentration of WPI was more effective than a lower
concentration of WPI for protection against oil oxidation, as
evidenced by a significantly higher concentration of propanal
in 1% WPI emulsions compared with 5% WPI emulsions pro-
duced by the same emulsification procedure (data not shown).
Hu et al. (15) suggested that the interface of the emulsion
droplets became saturated with 0.2% (w/w) WPI in an oil (con-
taining 5% w/w oil)-in-water (pH 7 potassium phosphate
buffer) emulsion homogenized at 34.4 MPa and that further in-
creases in WPI left excess WPI in the continuous phase. Since
WPI has antioxidative properties, it is possible that the excess

WPI in the continuous aqueous phase contributed to the better
oxidative stability of the oil (18). Although the concentrations
and conditions were different in this study, one can expect that
emulsions containing 5% (w/w) WPI would have more excess
protein in the continuous phase than would 1% WPI emulsions.
Another potential factor that could have contributed to the ox-
idative stability of the emulsions stabilized by 5% WPI was the
thicker barrier of protein at the interface.

Molecular environment of emulsions assessed by NMR.
NMR spectra provide information about the molecular envi-
ronment. The proton spectra of tuna oil and the emulsions are
given in Figure 4, 5, and 6, respectively. The pure tuna oil spec-
trum revealed nine resonance bands at 0.83, 1.22, 1.51, 1.98,
2.25, 2.77, 4.03, 4.21, and 5.28 ppm. These resonances were
assigned to different parts of the oil molecules, in the FA chains
and the glycerol backbone (24). In emulsions we observed sim-
ilar proton spectra, but some resonances overlapped with the
proton resonances of water (bands at 4.03, 4.21, and 5.28 ppm).
The characteristic chemical shifts enabled the protons in water
to be distinguished from most of the protons of the FA chains
and the glycerol backbone. In this study, an NMR analysis was
used to identify the environment of single chemical compo-
nents, based on the fact that the NMR signals from protons in
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FIG. 4. Proton NMR spectrum of the fresh, pure fish oil used in this
study. The x axis represents the chemical shifts (ppm).

FIG. 5. Proton NMR spectrum of the fish oil emulsion (freshly made)
stabilized by WPI in this study. The x axis represents the chemical shifts
(ppm). For abbreviation see Figure 1.

FIG. 6. Proton NMR spectrum of the fish oil emulsion (freshly made)
stabilized by lecithin in this study. The x axis represents the chemical
shifts (ppm). 



oil or water could be separated in the spectra and that they re-
flected the different molecular environments in the emulsion.
In particular, the molecular dynamics were investigated by
using standard transverse relaxation time measurements (T2).
In general, the relaxation time was strongly influenced by the
environment and the mobility of the observed nuclei (25). Choi
and Kerr (26) indicated that some T2 values were less than 10
ms for water in starch samples, reflecting a strong interaction
between water and starch. The T2 of pure water was 2.0 s. Bulk
liquid material had a long T2, and material on the surface and
at the interfaces had shorter T2 as its motion was restricted. 

Usually multiple exponential decay needs to be used in the
analysis of proton relaxation curves when there is nonuniform
mobility of protons. In our case, all proton spectra could be re-
solved for each of the main groups, such as the saturated and
unsaturated FA parts in the FA chains and water. As a result,
the individual T2 values could be measured for these groups.
We observed that the =CH–CH2–CH= protons in all emulsions
(i.e., protons close to unsaturated carbons) had much longer T2
(263 to 478 ms) than did the –(CH2)n– protons (i.e., protons
next to the saturated carbons) in the corresponding emulsions
(T2 values of 102 to 163 ms) (Table 1). This can be related to
the molecular environments of the saturated and unsaturated
parts of the FA chain within an oil droplet. The higher mobility
(i.e., longer T2) of the unsaturated parts, compared with the sat-
urated parts, suggests that the unsaturated components tended
to stay in the core of the oil droplets. This experimental result
supports the hypothesis (7) that the more unsaturated FA are
buried in the oil core of oil-in-water emulsions. 

In WPI-based emulsions produced by the different
processes, the T2 values for the –(CH2)n– protons were shorter
for microfluidized than for homogenized emulsions (Table 1).
This might indicate an average slower mobility of the more sat-
urated part of the FA chains on the oil droplet interface of mi-
crofluidized emulsions compared with those processed by ho-
mogenization. This may have resulted from the larger surface
area of the microfludized WPI emulsions. Emulsion systems
based on different surfactants (e.g., WPI- vs. lecithin-based
emulsions) cannot be compared with each other in terms of T2
values and molecular mobility, as there are additional physical
factors that come into play, e.g., different molecular mobilities,
emulsion interfacial structures, interactions between the oil and
surfactant, and so on. Lecithin is oil-like and could interact
more with tuna oil than does WIP. Therefore, the proton T2 of

the oil might include a contribution from additional oil–lecithin
interactions. Consequently, T2 measured from lecithin-based
emulsions could not be used to interpret the surface interaction
between the oil and surfactant as two separate molecular sub-
systems.

The longer T2 of water molecules in the continuous phase
of microfluidized, compared with homogenized, WPI-based
emulsions (Table 1) suggested that there was less interaction of
water with proteins in the continuous phase in microfluidized
emulsions. This agreed with the fact that more proteins would
be needed to cover the larger surface areas (smaller particle
sizes) of the microfluidized WPI-based emulsions; therefore,
less would be left in the continuous phase. The same trend was
seen in the lecithin-based emulsions. 

Correlations among T2, particle size, and oxidative stabil-
ity. T2 values of the saturated parts of the FA chains were
shorter for microfluidized WPI-based emulsions than for the
corresponding homogenized emulsions. This indicated that oil
molecules were affected more by interaction with surfactant
molecules in the microfluidized WPI-based emulsions. They
had more restricted motion, on average, indicating larger sur-
face areas relative to volume. Therefore, the average particle
sizes were smaller, which agreed with light-scattering measure-
ments (Table 1). As mentioned, the T2 of oil protons measured
for lecithin-based emulsions could not be interpreted in the
same way as those for WPI-based emulsions.

That lipid oxidation can be accelerated by increasing the in-
terfacial area is well documented, but it can also be unaffected
by a change in the surface area, depending on whether there are
excesses or a limited amounts of oxidation reactants (2,7,8). In
this study, for microfluidized WPI-based emulsions, the total
particle surface area was about seven times that of the corre-
sponding homogenized emulsion, whereas the amount of
propanal formed by the microfluidized emulsions was only
about 1.5 times that formed by homogenization during 8 wk of
storage. The much shorter T2 of saturated parts of the FA chains
in TG for microfluidized WPI-based emulsions (Table 1) is re-
lated to a reduced mobility. If the motion of FA chains in
smaller particles were more restricted, it would also slow down
oxygen, free radical, and heavy metal pro-oxidant movements
and so reduce the oxidation rate. Oxygen, free radical, and pro-
oxidant movements are among the many factors affecting the
oxidation of n-3 emulsions (8,9). Balinov (17) reported that
molecules in discrete droplets had a much lower apparent dif-
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TABLE 1
Transverse Relaxation Time (T2) in Various Parts of the Emulsions Correlated with Particle Sizes and Propanal Data

[Propanal] T2 of =CH–CH2–CH=
Surfactant at 4 wk Initial D3,2 T2 of –(CH2)n– in FA chainsa

(% w/w) Processing (µg/g emulsion) (µm) in FA chainsa (ms) T2 of H2Oa

WPI (5%) Homogenization 0.34 0.35 163 263 76
WPI (5%) Microfluidization 0.51 0.13 102 478 153
Lecithin (2.5%) Homogenization 0.83 0.47 120 410 492
Lecithin (2.5%) Microfluidization 0.78 0.35 105 430 612
aChemical shifts of –(CH2)n– and =CH–CH2–CH= resonance were at ca. ~1.3 and 2.8 ppm, respectively. NMR results are accurate to around
5–10%; pure oil had a T2 of ca. 700 ms and pure water a T2 of more than 1000 ms. WPI, whey protein isolate.



fusion coefficient compared with molecules in the continuous
phase, and that the value in the continuous phase was similar
to the value in the corresponding bulk phase, which could sup-
port the NMR analysis results in this study.

The much longer T2 of water molecules in the continuous
phase of lecithin-based emulsions compared with those in
WPI-based emulsions suggests that water in the continuous
phase of the lecithin-based emulsions was less affected by the
particle surface. Hence, molecules in this phase had more free
motion, which would be a factor contributing to faster oxida-
tion rates in the lecithin-based emulsions. This conclusion from
our NMR analysis was also supported by the increased concen-
tration of propanal for the lecithin-based emulsions.
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