
ABSTRACT: Mayonnaise samples were prepared using DAG oil
as the oil phase; the properties and stability were compared with
mayonnaise samples prepared from TAG oil. Normal (nontreated)
egg yolk and phospholipase A2 (PLA2)-treated egg yolk were used
as emulsifiers. The DAG oil mayonnaise prepared with non-
treated egg yolk (DAG-M) was unstable, with cracks forming
within 4 wk at 40°C. This type of fracture was not observed for
TAG oil mayonnaise prepared with nontreated egg yolk (TAG-
M). 31P NMR and quantitative analyses of phospholipids sug-
gested that the phospholipids of egg yolk lipoprotein were dis-
solved in DAG-M oil droplets, which might result in the coales-
cence and fracture of the DAG-M. Phospholipids were not
dissolved in TAG-M oil droplets. No crack formation was ob-
served for DAG oil mayonnaise prepared with PLA2-treated egg
yolk (DAG-PLM) after storage for more than 4 wk at 40°C. 31P
NMR spectroscopy and quantitative analyses of phospholipids
indicated that the dissolution of phospholipid molecules into the
oil droplets was almost prevented in DAG-PLM. The stability of
DAG-PLM is improved probably because the PLA2 treatment
changes the molecular polarity of egg yolk phospholipids and
prevents them from dissolution into the DAG oil droplets from
oil/water interface. 
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The main components of common edible oils are TAG. DAG
are natural minor components of edible oils (1,2) and also are
commonly used as emulsifiers in a variety of food products.
Since DAG molecules contain two FA and one hydroxyl group,
they are more polar than TAG.

DAG oil was recently found to exhibit interesting nutritional
properties. DAG oil suppresses the increase of serum TAG
after meals, compared with other edible oils, and it is less likely
to be converted to body fat (3–5). Because the excessive intake
of oils is a major factor contributing to diseases such as obesity
and diabetes, it could be nutritionally helpful to substitute DAG
oils in various food products.

There are no significant differences in the cooking proper-
ties between DAG oil and TAG oil (6–9). Shimada and Ohashi
(10) studied the emulsification properties of DAG oil. They re-
ported that a water-in-oil type emulsion was easily formed

using DAG oil without using emulsifiers, because DAG itself
works as an emulsifier. Masui et al. (11) reported that mar-
garine prepared with DAG oil showed a much better  stability
than conventional margarine containing TAG oil (11). On the
other hand, it is difficult to form stable oil-in-water (o/w) type
emulsions using DAG oil, especially in the case of products
with a high oil content, such as mayonnaise (10,12).

In this study, o/w emulsions, whose formulations were close
to that of commercial Japanese mayonnaise, were prepared
using both DAG oil (DAG-M) and TAG oil (TAG-M). Two dif-
ferent types of egg yolk were used as emulsifiers: normal (non-
treated) egg yolk and phospholipase A2 (PLA2, EC 3.1.1.4)-
treated egg yolk. The structures and properties of the mayon-
naise samples were investigated; the important factors that
govern the emulsion stability are discussed from the viewpoint
of the interaction between emulsifiers and oil phases. 

EXPERIMENTAL PROCEDURES

Materials. DAG oil was prepared by the esterification of glyc-
erol with FA from rapeseed oil and soybean oil by methods de-
scribed by Huge-Jensen et al. (13). The DAG oil was charac-
terized by GC after silylation (14) and was composed of TAG
(10.5%), DAG (88.7%), and MAG (0.8%). The TAG oil used
in this study was a commercial soybean oil purchased from
Nisshin Oil Mills Ltd. (Tokyo, Japan), the composition of
which was more than 98% TAG with less than 2.0% DAG. 

Pasteurized and frozen egg yolk that contained 10% NaCl
was obtained from Taiyo Kagaku Co., Ltd. (Mie, Japan). PLA2
was obtained from Novozymes Japan Ltd. (10,000 unit/mL;
Tokyo, Japan). Salt, sugar, monosodium glutamate, mustard
powder, and vinegar were purchased from Ako Kaisui Co., Ltd.
(Hyogo, Japan), Dai-Nippon Meiji Sugar Co., Ltd. (Tokyo,
Japan), Ajinomoto Co., Inc. (Tokyo, Japan), KIS Co., Ltd.
(Tokyo, Japan), and Mitsukan Co., Ltd. (Aichi, Japan), respec-
tively.

Preparation of emulsions. The basic composition of may-
onnaise samples is shown in Table 1. The mayonnaise samples
were prepared by two-step emulsification processes. The first
process, premixing, was carried out in 2-kg batches using a ver-
tical vacuum mixer (5DMV-r; Dalton Corporation, Tokyo,
Japan). After de-aeration, the powdered ingredients and water
phase were mixed for 2 min. The oil phase was then gradually
added over 3 min, and mixed for 2 min more to finish the pre-
mixing process. The premixed products were then thoroughly
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emulsified using a colloid mill (MM-2; Nihonseiki Kaisha Ltd.,
Tokyo, Japan), operated at 5,000 rpm, 0.35 mm clearance and
0.7 L/min flow rate, to produce the final mayonnaise samples. 

The stability of emulsions is sometimes affected by the hy-
drophilic or hydrophobic surface properties of their packaging
materials (15). Affinity of the continuous phase of emulsions
and surface properties of the container are important; an o/w
emulsion may exhibit better stability when stored in a container
whose surface is hydrophilic. Therefore, two types of contain-
ers were used to compare stability; a laminated commercial
tube (the surface of which is low-density polyethylene layer)
and a glass jar. 

The diameter of the oil droplets and viscosity of emulsion
were measured immediately after preparation. For the droplet
diameter measurement, the emulsion sample was dispersed in
0.5% SDS solution. The particle diameters and their SD were
measured using a laser diffraction-type particle size analyzer
(SALD-2100; Shimadzu Corporation, Tokyo, Japan). Viscos-
ity was measured with a Brookfield RVDV-I+ viscometer
(Brookfield Engineering Laboratories Inc., Middleboro, MA)
using rotor No.6. Viscosity was measured after 30 s at a rota-
tion speed of 4 rpm at 20°C. The diameters of the oil droplets
and their SD, and the viscosity of the mayonnaise samples are
listed in Table 2. Variations in the diameters of emulsion
droplets and viscosities of emulsions between different experi-
ments are within about 10%. It is interesting that emulsion sam-
ples having small droplet diameters exhibited large viscosity.
Small droplet diameter gives a large droplet boundary area
where slippage occurs during shear; this may be one of the fac-
tors responsible for the observed diameter–viscosity relation.

Preservation test. The samples were stored at 40 or 20°C,
and the appearance of the sample was evaluated after 2 and 4
wk. For evaluation of the reproducibility of the results, five dif-
ferent samples obtained from the same sample preparation
process were tested for each emulsion.

Cryo-scanning electron microscope (SEM) observation.
The mayonnaise sample was quickly frozen in liquid nitrogen
and mounted on a sample stage. The sample was fractured
using a cold knife held at about –150°C. The sample tempera-
ture was raised to about –85°C for surface sublimation to ex-
pose surface details. The sample temperature was then de-
creased to –120°C and maintained during the SEM observation
at 1 kV using a Hitachi S-4300 SE instrument (Tokyo, Japan).

31P NMR spectroscopy. 31P NMR measurements were car-
ried out using an EX-270 spectrometer (JEOL Ltd., Tokyo,
Japan) operating at 109.25 MHz, using a 45° plus (6.5 µs), with
16 K data points and a 20,000 Hz spectral width. Mayonnaise
samples were introduced into a 10-mm diameter NMR tube.

31P NMR spectra were collected using a one-pulse sequence
applied proton decoupling. A total of 1,000 scans was collected
for each sample with a 0.41 s acquisition time and a 1.59 s re-
laxation delay time. Chemical shifts are given relative to 85%
phosphoric acid as the external reference (0 ppm). All measure-
ments were conducted at 24°C.

Quantitative analyses of phospholipids. The phospholipid
concentration of the oil phase of the emulsion was measured
immediately after emulsification and following storage at 20°C
for 0.5, 1, 3, 6, and 24 h. The phospholipid concentrations were
obtained from the average of three different samples for each
emulsion.

Samples were centrifuged for 30 min at 18,000 × g rpm at
20°C to separate the oil phase. The separated oil phase (DAG
or TAG) was then weighed (15 mg), and the phospholipid con-
centrations therein were measured using a commercial kit (C-
testwako; Wako Pure Chemical Industries, Ltd., Tokyo, Japan):
a combined enzymatic method using phospholipase D, choline
oxidase, and peroxidase (16). The estimated error of this
method was within the range of about 10%. PE cannot be de-
tected by this technique, therefore, the analyzed phospholipids
were estimated to be about 85% of the total amount of phos-
pholipids in the egg yolk (17).

Preparation of PLA2-treated egg yolks. PLA2-treated egg
yolks, having different reaction rates (from 25 to 100%) were
prepared by incubation at 50°C. The incubation conditions
were as follows: i) reaction rate of 25%, 100 unit/g egg yolk
and 0.5 h; (ii) rate of 44%, 400 unit/g egg yolk and 1 h; (iii) rate
of 62%, 200 unit/g egg yolk, and 3 h; (iv) rate of 77%, 500
unit/g egg yolk and 3 h; and (v) rate of 100%, 2,000 unit/g egg
yolk, and 20 h. Since the calcium content of egg yolk was suf-
ficient to give an optimal reaction rate for PLA2, we did not
add further calcium into egg yolk. The DAG-PLM and TAG-
PLM samples were prepared using PLA2-treated egg yolk hav-
ing different reaction rates. The preservation test was carried
out for all the emulsion samples to clarify the relationship be-
tween the reaction rate and emulsion stability. Detailed analy-
ses of the structures and properties of DAG-PLM and TAG-
PLM were carried out for the emulsions using PLA2-treated
egg yolk whose reaction rate of 62%.

The reaction rate of the PLA2 treatment was determined by
the titration of FA. Precisely 2 g of egg yolk was dispersed in
60 g of water, and the solution was titrated with 0.02 N alco-
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TABLE 1
Basic Composition of Mayonnaise

Ingredient (%) Ingredient %

Oil 70.0 Salt 1.5
10% Salted egg yolk 15.0 Sugar 1.0
Vinegar 6.0 Monosodium glutamate 0.5
Water (balance) 5.5 Mustard powder 0.5 

TABLE 2
Average Droplet Diameter and Viscosity of Mayonnaise Samples

Droplet diameter (µm) Viscosity 

Sample Average SDa (Pa·s)

TAG-M 3.4 1.2 87
DAG-M 2.6 0.8 116
TAG-PLMb 2.1 0.6 126
DAG-PLMb 3.8 1.7 79
aSD of the distribution measured by light scattering. 
bReaction rate of the phospholipase A2 (PLA2)-treated egg yolk is 62%. TAG
(DAG)-M, TAG (DAG) oil mayonnaise prepared with untreated egg yolk;
TAG(DAG)-PLM, TAG (DAG) oil mayonnaise prepared with PLA2-treated
egg yolk.



holic KOH to pH 8.5. The reaction rate was calculated by dif-
ference in the titration value between the nontreated (used as a
background, defined reaction rate of 0%) and perfectly reacted
(reaction rate of 100%) egg yolks. 

RESULTS AND DISCUSSION

In the preservation test, crack formation was always observed
after 4 wk for the DAG-M samples stored at 40°C (Fig. 1). The
crack was sometimes observed after 2 wk for the DAG-M sam-
ples stored at 40°C. Cracks were observed for samples filled in
both laminated tubes and glass jars. Crack formation was ob-
served only for the DAG-M samples stored at 40°C; DAG-M
stored at 20°C, TAG-M, TAG-PLM, and DAG-PLM (at differ-
ent PLA2 reaction rates) showed no fracture in the experimen-
tal preservation conditions used here. The results described
above were basically reproduced for different preservation tests
(for different sets of emulsion samples).

Figure 2 shows the cryo-SEM images of TAG-M, DAG-M,
and DAG-PLM emulsions. For TAG-M and DAG-PLM, the
boundaries of the individual emulsion droplets are clearly ob-
served. On the other hand, boundaries are not clearly observed
for DAG-M.

Figure 3 shows the results of the 31P NMR measurements.
In the spectrum of TAG-M, only a broad signal was observed
at 1.1 ppm (Fig. 3A). For DAG-M, the same broad signal was
observed at 1.1 ppm along with additional sharp signals at 0
and 0.8 ppm (Fig. 3B). Spectrum C is egg yolk lecithin dis-
solved in DAG oil. Two sharp signals were observed at 0 ppm
and 1.0 ppm (Fig. 3C). The main signal at 0 ppm in the spec-
trum of DAG-M (B) and egg yolk lecithin (C) had the same
chemical shift and half-height width. The main signal observed
at 0 ppm and the other minor signal at 0.8 ppm were assigned
to PC and PE, respectively, based on comparisons with authen-
tic specimens. In the spectrum of DAG-PLM (Fig. 4D), three
components were observed, but the intensity of the signal at 0
ppm was smaller than that in the DAG-M spectrum.

31P NMR spectra of DAG-PLM prepared with PLA2-
treated egg yolks having different reaction rates (from 25 to
77%) are shown in Figure 4. The intensity of the sharp signals
at 0 ppm decreased with increasing reaction rate. 

The phospholipid concentrations in the oil phase are shown
in Figure 5. As already mentioned, PE cannot be detected by this

technique. Therefore, the analyzed phospholipids were estimated
to be about 85% of the total phospholipids in egg yolk (17). The
dissolution of phospholipids in the DAG oil started immediately
after the preparation of the emulsion and reached a constant
value after 3 h. The phospholipid concentration in the oil phase
at 24 h was 5.0 mg/g-oil for DAG-M and 0.8 mg/g-oil for DAG-
PLM. Little phospholipid dissolution was observed for TAG-M.
The total content of phospholipids in egg yolks is about 10%
(18). If all the phospholipids were dissolved in the oil phase, the
phospholipid concentration would be estimated to be 18 mg/g-
oil (16 mg/g-oil except PE). The measured phospholipid concen-
tration in the oil phase of DAG-M was 5.0 mg/g-oil, which cor-
responds to about 30% of the total phospholipids in egg yolk.
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FIG. 1. Crack formation in the DAG oil mayonnaise prepared with non-
treated egg yolk (DAG-M) sample stored at 40°C for 4 wk. 

FIG. 2. Cryo-scanning electron microsopy micrographs of (A) TAG oil
mayonnaise prepared with nontreated egg yolk (TAG-M), (B) DAG-M,
and (C) DAG oil mayonnaise prepared with phospholipase A2 (PLA2)-
treated egg yolk (DAG-PLM) (reaction rate of 62%). For other abbrevia-
tion see Figure 1.

FIG. 3. 31P NMR spectra of (A) TAG-M, (B) DAG-M, (C) egg yolk lecithin
dissolved in DAG oil, and (D) DAG-PLM (reaction rate of 62%). For ab-
breviations see Figures 1 and 2.



Long-term stability is one of the important requirements for
mayonnaise emulsions. DAG-M samples stored at 40°C
showed crack formation (Fig. 1), whereas DAG-M samples
stored at 20°C, TAG-M, TAG-PLM, and DAG-PLM (at differ-
ent PLA2 reaction rates) showed no fracture under the preser-

vation conditions used in these experiments. In general, emul-
sion instability processes are accelerated by storage at high
temperatures. Therefore, the results at 40°C should enable us
to predict instability over longer storage intervals at room tem-
perature. Since the fracture of DAG-M was observed for sam-
ples filled in both laminated tubes and glass jars, this is not
caused by the surface properties (hydrophilicity or hydropho-
bicity) of the containers. 

The cryo-SEM observations suggest that the stable samples
(TAG-M and DAG-PLM) show clear droplet boundaries in
their images (Fig. 2). For the case of unstable DAG-M sam-
ples, the droplet boundaries are collapsed. It is difficult to con-
clude that the collapse occurs spontaneously in the mayonnaise
sample or during the SEM sample preparation (freeze-fracture
processes). In any case, changing the emulsifier from non-
treated egg yolk to a PLA2-treated egg yolk improves the sta-
bility of the droplet boundaries of DAG-M. The droplet diame-
ter of the DAG-PLM evaluated from the SEM image is some-
what larger than that obtained from the particle size analyzer
(see Table 2). This suggests the coalescence of emulsion
droplets during preservation. The diameter measurement using
the particle size analyzer was carried out immediately after
sample preparation, but the SEM observation was carried out
almost 2 wk after the preparation.

In the mayonnaise samples, phosphorus atoms (from egg
yolk) occur in two different chemical species, phospholipids
and protein components. The chemical shift of the phosvitin is
about 1 ppm at pH = 4 (19), which nearly overlaps with the
main signal of phospholipids. In addition, the observed NMR
spectra have relatively broad peak widths. Therefore, it is diffi-
cult to separate the peak of phosvitin from the whole spectrum.
However, more than 80% of phosphorus atoms are included in
phospholipids (20), so the 31P NMR spectra shown in Figures
3 and 4 could reflect mainly the chemical states of the phos-
phorus atoms in phospholipid molecules. 

In general, the spectral widths of NMR signals are a func-
tion of the mobility of the molecules: A low mobility results in
a broad signal and a high mobility a sharp signal. The broad
signal at 1.1 ppm observed in the spectra of mayonnaise sam-
ples indicates that the mobility of the phospholipid molecules
is rather restricted, presumably because the phospholipid mol-
ecules are located in the lipoprotein structure and/or are ad-
sorbed onto the emulsion droplet surfaces. The sharp and sym-
metrical signal observed at 0 ppm in 31P NMR spectra of DAG-
M and DAG-PLM suggests that these phospholipid molecules
have a high mobility. According to the measurement of egg
yolk lecithin dissolved in DAG oil and authentic PC, this sig-
nal is assigned to the phospholipids dissolved in the DAG oil
droplets. We cannot explain the fact that the chemical shift of
PC (0 ppm) is the same as that of inorganic phosphoric acid
(external reference); it is possibly due to the solvent effect of
the DAG oil (21).

The results of 31P NMR measurements and the quantitative
analyses of phospholipids suggest that the phospholipids in the
DAG-M are dissolved in the DAG oil droplets, which may be
one of the main causes of the low stability. For the case of
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FIG. 4. 31P NMR spectra of DAG-PLM prepared using PLA2-teated egg
yolk at different reaction rate: (A) 25, (B) 44, (C) 62, and (D) 77%. For
abbreviations see Figure 2.

FIG. 5. Phospholipid concentrations (except for PE) of TAG-M (nn),
DAG-M (ll), and DAG-PLM (reaction rate of 62%) (l) in the oil phase.
The average of three different samples is plotted. Zero sampling time
corresponds to the point at which the oil phase was added to the vac-
uum mixer in the premix process.

            



TAG-M, phospholipids are not dissolved in the oil droplets but
rather exist in the lipoprotein and/or on the emulsion droplet
surfaces, resulting in a stable emulsion. These different behav-
iors of phospholipids may be due to the differences in the po-
larity of TAG oil vis-à-vis DAG oil; the relatively high polarity
of DAG oil can be attributed to the presence of a hydroxyl
group in the molecules, which increases the solubility of the
phospholipids in the oil droplets. The PLA2 treatment of egg
yolk selectively hydrolyzed the ester bond at the sn-2 position
of 1,2-diacyl-sn-glycero-3-phosphatide, which increased the
molecular polarity of phospholipids in the egg yolk. This effect
greatly reduced the amount of phospholipids that dissolved in
the DAG oil, which could be one of the major reasons for the
high stability of the DAG-PLM samples. 

In this study, we mainly focused on the chemical states of
the phospholipids of egg yolk in order to discuss the stability
of emulsions of mayonnaise samples. However, a number of
studies have suggested that the high emulsification ability of
egg yolk is not due to phospholipids alone; the characteristic
structure of egg yolk lipoproteins (complex of the phospho-
lipids and proteins) makes a large contribution to the emulsifi-
cation properties (22). We did not directly observe the effect of
PLA2 treatment of egg yolk on the structure and properties of
egg yolk lipoproteins. However, we estimate that changing the
molecular polarity of phospholipids by the enzyme treatment
could affect the structure and emulsification properties of
lipoproteins. For example, conformational change of proteins
induced by the PLA2 treatment could affect the water-holding
capacity and accelerate the coagulation of apoproteins, which
may result in the unique fracture phenomenon (crack forma-
tion) observed here.

Dutilh and Groger (23) reported that mayonnaise prepared
with PLA2-treated egg yolk exhibited a high heat stability,
which was attributed to structural changes in lipoproteins as
the result of PLA2 treatment (24). Kumar and Mahadevan (25)
reported that the lipoprotein structure of the yolk plasma is
maintained by the phospholipids, since treatment with phos-
pholipase C induces gelation. These facts indicate that the treat-
ment of phospholipids introduces the alteration of protein con-
ditions and/or lipoprotein structure. Therefore, the PLA2 treat-
ment carried out in this study may also change the
emulsification characteristics of proteins in egg yolk and/or
lipoprotein structure, such as adsorption conformation and/or
elastic properties of protein layers at the oil/water interface,
which could affect the emulsion stability. Further investiga-
tions, focused on the structures and properties of lipoproteins
before and after the enzyme treatment, will be required to un-
derstand the stabilization mechanisms associated with DAG
mayonnaise.
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