
ABSTRACT: Crystallization, polymorphic transformation, and
melting behavior of nanoparticles of trilauroylglycerol (LLL) in
oil-in-water (O/W) emulsion were examined initially by DSC,
and then by simultaneous synchrotron radiation small-angle
(SAXS) and wide-angle (WAXS) X-ray diffraction and DSC (SR-
SAXS/WAXS/DSC). The O/W nanoparticles emulsions having
average diameters of 42 to 120 nm were prepared by applica-
tion of mechanical shear using a high-pressure homogenizer.
The following results were obtained: (i) The DSC study showed
that the melting temperature of the stable β form of LLL was re-
duced from 46.7 (bulk) to 26.5–44.0°C (nanoparticles); this vari-
ation was assumed to be due to the size distribution of the
nanoparticles. Crystallization temperature was also reduced
from 18.9 (bulk) to –9.5 ± 0.5°C (nanoparticles). These results
were consistent with those of previous studies of nanoparticles
of fats obtained in the O/W emulsion. (ii) The results obtained
by the SR-SAXS/WAXS/DSC technique during the cooling
process to –20°C showed that the first-occurring polymorph of
LLL in the bulk liquid was β′, whereas α was first nucleated and
transformed to β′ around –10°C during cooling in the nanopar-
ticles. (iii) The SR-SAXS/WAXS/DSC data taken during the heat-
ing process from –20°C after the crystallization showed that β′
transformed to β around 0°C and that the melting of β started at
30°C and ended at 44°C. The present study showed that forming
nanoparticles of LLL in the O/W emulsion having the diameters
of 42 to 120 nm reduced the melting and crystallization temper-
atures and increased the transformation rate of α → β′ → β in
comparison to the LLL crystals formed in the bulk phase.
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Formation of particles of fats and oils in a water phase [oil-
in-water (O/W) emulsion] with diameters less than about 200
nm (hereafter referred to as a nanoemulsion) has recently
been investigated with a particular emphasis of application to
pharmaceuticals (1–3). A nanoemulsion in general exhibits

many advantages, such as emulsion stability, transparency,
permeability, and easy handling for production processes. The
O/W nanoemulsion involving fat crystals within the particles
also exhibits desirable properties, such as controlled release
of functional lipophilic materials that are incorporated in the
fat particles (4–11). Physical properties of melting, crystal-
lization, and polymorphic transformation of fats in the nano-
emulsion have been studied by multiple techniques (12–16).
In particular, X-ray diffraction studies using synchrotron ra-
diation (SR-XRD) have been performed by Westesen and co-
workers (12,17–22) to observe structural and thermal proper-
ties of crystalline nanoparticles of TAG. In their work, data
from SR-XRD and DSC, although the two methods were em-
ployed in a separate way, were discussed in terms of crystal-
lization, polymorphic transformation, and melting behavior
as a function of varying size of the nanoemulsion particles. In
particular, the precise correlation of linewidth of small-angle
SR-XRD spectra with the DSC thermopeaks indicated that
the reduction in melting temperature of TAG crystals was re-
lated to the reduction in particle size and that the number of
TAG lamellae in a crystal was also reduced to 2–3 when the
particle diameter was reduced to 10–100 nm (18–22).

The present paper reports experimental results of SR-XRD
and DSC experiments that were performed simultaneously for
the same nanoemulsion particles of trilauroylglycerol (LLL). As
for the SR-XRD measurement, small-angle (SAXS) and wide-
angle (WAXS) X-ray scattering were monitored at the same time
(SR-SAXS/WAXS/DSC experiments). In this study, a tempera-
ture-controlled DSC pan containing nanoemulsion particles was
exposed to an SR-X-ray beam so that the SR-XRD and DSC
measurements were performed at the same time. Such a simulta-
neous measurement has recently revealed microscopic and dy-
namic features of crystallization and polymorphic transforma-
tion of fats in bulk (23–26) and emulsion particles (27–29).

In the present study, LLL was chosen as a model substance
mainly because LLL represents a typical saturated-acid TAG
whose physical properties are commonly observed in the
other fats. The other reasons are that the important properties
of crystallization and polymorphic transformation of LLL in
bulk and emulsion (19,30) states are well known; thus, the
present work can be compared to past work.
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The results obtained in the present study were basically
consistent with those of a recent study of the nanoemulsion
LLL particles with respect to melting (20). However, clear
correspondences between the occurrence of and variation in
lamellar stacking (SAXS) and subcell packing (WAXS) data
to DSC peaks could shed light on the crystallization, poly-
morphic transformation, and melting of three polymorphs, α,
β′ and β, of LLL crystals in the nanoemulsion particles.

MATERIALS AND METHODS

The nanoparticles of LLL in the O/W emulsion were prepared
by using LLL purchased from Sigma Chemicals (St. Louis,
MO), polyglycerol FA esters (Sakamoto Pharmaceuticals,
Osaka, Japan), and distilled water. 

Nanoemulsion particles were prepared as follows. Large-
sized O/W emulsions (diameters > several µm) were prepared
with a homomixer (4000 rpm, 5 min) by using LLL, poly-
glycerine FA esters (stearic and lauric acid moieties) as emul-
sifying agents, and distilled water at 60°C. The mixture was
poured into a high-pressure homogenizer (Microfluidizer
M110-E/H; Mizuho Industrial Co., Osaka, Japan) at 60°C,
and a pressure of 80, 110, and 150 MPa was applied to obtain
the O/W nanoemulsion particles. To observe the effects of
variations in the concentration of fat and emulsifiers on the
nanoemulsion properties, two concentrations of LLL (10 and
20 wt%) and two concentrations of emulsifiers (20 and 40
wt% with respect to the total weight of emulsion) were exam-
ined. Particle size distribution was analyzed with a submicron
particle analyzer (Coulter model N4 SD; Beckman-Coulter)
at 20°C.

Table 1 shows the size distribution of the nanoemulsion
particles prepared under three combinations of oil–emulsi-
fier–water concentrations (wt%), 10:20:70, 20:20:60, and
20:40:40, with different homogenization pressure and fre-
quency (number of passes) of homogenization. It appears that
a systematic relationship between the size distribution and ho-
mogenization conditions does not exist. For example, a sin-
gle-peak size distribution was observed for samples A, E, F,
and I, whereas a double-peak size distribution was observed
for B, C, D, G, and H. However, some tendency was de-

tectable in that the average size of the nanoemulsion particles
was reduced as the pressure of homogenizer was increased
and as the frequency (number of passes) of homogenization
with the same pressure increased. For example, sample A (av-
erage diameter 42 nm) was formed by passing through the ho-
mogenizer three times at a pressure of 150 MPa, whereas
larger droplets were formed by passing once at the same pres-
sure (Samples C, G, and I). Another tendency was that the
droplet sizes were reduced by increasing the concentrations
of emulsifiers when prepared under the same homogenization
conditions, as shown in samples G and I.  

DSC measurements were done by using a Rigaku Thermo-
plus DSC 8240 instrument (Tokyo, Japan). The methods of
the SR-SAXS/WAXS/DSC experiments were fully described
elsewhere (23,24). Briefly, the SR-SAXS/WAXS/DSC exper-
iments were carried out at a beam line BL-15A of the source
“Photon Factory,” which was operated at 2.5 GeV at the Na-
tional Laboratory for High Energy Physics (Tsukuba, Japan).
The double-focusing camera was operating at a wavelength
of 0.15 nm for the SR-SAXS/WAXS. Temperature during the
SR-XRD-DSC simultaneous measurements was varied in the
following way: The nanoemulsion-containing sample was
heated to 70°C and held at that temperature for 15 min, cooled
to –30°C at a rate of 2°C/min, held at –30°C for 5 min, and
then heated to 50°C at a rate of 2°C/min. Maximum tempera-
tures, if special reference is not given, defined the tempera-
tures of the DSC endothermic and exothermic peaks.

RESULTS

Figure 1 shows the DSC cooling and heating thermopeaks of
the bulk sample. An exothermic peak appeared at 16.3°C dur-
ing cooling, whereas an exothermic peak at 23.5°C and an en-
dothermic peak at 46.7°C were observed during heating. As
shown below in the SR-SAXS/WAXS/DSC data, the β′ form
crystallized at 16.3°C and transformed to β at 23.5°C, then β
melted at 46.7°C.

Figure 2 shows the DSC cooling and heating thermopeaks
of nanoemulsions A through E that were observed at the ratio
of O/W = 10:70 and emulsifier concentration of 20 wt%. The
average size of the five samples varied from 42 (sample A) to
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TABLE 1 
Preparation and Particle-Size Parameters of the Nanoemulsion Particles

Homogenization condition

Content of oil Amount of Average particle Pressure Frequency
Sample (%) emulsifier (%) diameter (nm) (MPa) (no. of passes)

A 10 20 42 150 3
B 10 20 49 110 3
C 10 20 80 150 1
D 10 20 95 110 1
E 10 20 120 80 1
F 20 20 60 150 3
G 20 20 98 150 1
H 20 40 50 150 2
I 20 40 66 150 1



120 nm (sample E). A single exothermic peak appeared at
–9.5 ± 0.5°C when the five samples were cooled. The onset
temperatures were –7.5 ± 0.5°C. These values are well below
those of LLL in bulk (16.3°C, Fig. 1) and emulsion particles
having diameters of 360 nm (1.0°C), which were determined

by ultrasound velocity measurement (30). Crystallization
temperature did not decrease when the average size of the
nanoemulsion droplets decreased from 120 to 42 nm. How-
ever, Bunjes et al. (19) reported that crystallization tempera-
tures of trimyristoylglycerol (MMM) and tripalmitoylglyc-
erol (PPP) nanoparticles were decreased by less than 2°C with
decreasing particle sizes.    

In contrast, the heating DSC thermopeaks of the nano-
emulsions exhibited multiple endothermic peaks in a temper-
ature range of 27 to 40°C, and these peaks corresponded to
melting of LLL crystals in the droplets (see below). The rela-
tive sizes of the melting peaks in Figure 2 are summarized in
Table 2. The m.p. of the five nanoemulsions were lower than
that of the bulk LLL, and the peak sizes of high-temperature
peaks (around 38°C) became larger than those of low-temper-
ature peaks (around 27°C) as the average size of the nano-
emulsion increased.

According to Westesen et al. (17–21), reduction in the
melting temperature of the TAG crystals in the nanoemul-
sions is caused by a size effect of the crystal particle in which
the reduced nanoemulsion diameter (D) may cause the reduc-
tion of the melting temperature of β of LLL from 46.7°C
(bulk) to ~40°C (D ~ 20 nm) and 36°C (D ~ 10 nm). Since
there is a size distribution in the nanoemulsions, large-sized
particles exhibited high melting temperatures and vice versa,
thus resulting in multiple DSC melting profiles (18,19). In the
present case, the same interpretation can be applied.
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FIG. 2. The DSC cooling and heating thermopeaks of the nanoemulsions. Five samples were made with an oil/water
ratio of 10:90 and with an emulsifier concentration of 20 wt%.
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Figure 3 shows the DSC thermopeaks during cooling and
heating of four samples made of oil/water = 20:60 with the
emulsifier concentrations of 20 and 40 wt%. The average size
of the droplets was reduced when the emulsifier concentra-
tion was increased, because small-size droplets were easily
formed with higher concentrations of emulsifiers. Like the re-
sults shown in Figure 2, a single exothermic and multiple en-
dothermic peaks were observed for each sample during cool-
ing and heating process, respectively. Although the single
exothermic peak during cooling did not vary among four sam-
ples, the range of temperature where the endothermic peaks
appeared during heating was different between the two sam-
ple groups formed with the emulsifier concentrations of 20
wt% (F and G) and 40 wt% (H and I), as shown in Figure 3

and Table 2. This result also indicates that the sizes of the
droplets became smaller for the samples H and I than for the
samples F and G, and the melting temperature of LLL in the
small-sized droplets was reduced.

Figure 4 shows the simultaneous SR-SAXS/WAXS/DSC
measurements of the bulk LLL samples. In Figure 4A, crys-
tallization of β′ of LLL is shown, as reflected by the SAXS
peaks at 3.46 nm, two WAXS peaks at 0.425 and 0.388 nm,
and a DSC exothermic peak at 17.9°C. The difference in the
crystallization temperatures between the results in Figure 2
(16.3°C) and Figure 4 (17.9°C) may be due to differences in
the DSC apparatus employed. Figure 4B, made during heat-
ing of the sample after cooling (shown in Fig. 4A) shows that
β′ transformed to β at 22.8°C, as exhibited by changes of the
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FIG. 3. The DSC thermopeaks of nanoemulsions made with an oil/water ratio of 20:80 and emulsifier concentrations
of 20 and 40 wt%.
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TABLE 2 
DSC Endothermic Peaks (°C) Nanoemulsionsa

Sample Oil/water = 10:90 Sample Oil/water = 20:80

A 27.6 (M), 33.2 (L), 34.8 (M), 39.8 (S) F 35.2 (S), 37.4 (S), 39.0 (L), 39.9 (L), 44.0 (S)
B 27.8 (M), 33.5 (L), 35.2 (L), 36.5 (L), 38.5 (S) G 34.3 (S), 37.0 (M), 38.7 (L), 39.9 (L)
C 27.7 (M), 34.2 (L), 37.3 (L), 38.7 (S) H 28.5 (M), 35.0 (L), 37.5 (M), 41.3 (S)
D 27.9 (S), 34.3 (M), 37.4 (L), 38.8 (M) I 26.5 (S), 29.7 (M), 33.9 (M), 35.2 (L), 37.7 (L)
E 28.2 (S), 34.1 (M), 37.2 (L), 38.2 (L)

aL, large; M, medium; S, small.



SAXS peaks from 3.46 (β′) to 3.30 nm (β), and in changes of
the WAXS peaks from double (β′) to multiple peaks (β). On
further heating, β crystals melted at 46.5°C, as shown by the
disappearance of the SAXS and WAXS peaks and by the oc-
currence of a large DSC endothermic peak.

Figures 5A and 5B show the SR-SAXS/WAXS/DSC data
of nanoemulsion sample G (see Table 1), having an average
diameter of 98 nm, during cooling and heating, respectively.
In Figure 5A, a DSC exothermic peak and a corresponding
single WAXS peak (0.398 nm) appeared at –8.5°C, both indi-
cating the crystallization of the α form of LLL. During fur-
ther cooling to –20°C, the SAXS and WAXS peaks converted
to 3.46 and 0.425 nm around –10°C, respectively. This
change corresponded to the transformation from α to β′, al-
though this was not detectable by DSC. Figure 5B shows that
the SAXS and WAXS peaks of β′ gradually converted to
those of β around 0°C during heating, although a broad
exothermic peak was detected by DSC. On further heating,
multiple DSC endothermic peaks appeared in a temperature
range of 37 to 41°C. This range of melting temperature was
in good agreement with that shown in Figure 3. The SR-
SAXS/WAXS spectra of β were maintained up to about 44°C,
where all SR-XRD spectra disappeared by melting.

From the result shown in Figure 5, it can be concluded that
(i) LLL in the nanoemulsion particles having an average di-
ameter of 98 nm crystallized in α, (ii) that the α crystals trans-
formed to β′ during cooling, (iii) that, during heating, β′ of
LLL transformed to β around 0°C, and finally (iv) that β of
LLL melted at around 37 to 41°C. This feature was quite dif-
ferent from that observed for the bulk state of LLL, since α
does not crystallize on cooling at a rate of 2°C/min, and β′
also does not transform to β around 0°C in the bulk crystal.
In the bulk state, β′ transformed to β at around 22–23°C as
shown in Figures 1 and 4. Although not shown here, we con-
firmed that the α form of LLL, which was crystallized by
rapid cooling from bulk liquid, did not transform to β′ below
0°C over a few days.

Figure 6 shows the temperature dependence of the inten-
sity of the SAXS peaks of β of LLL in the bulk and the nano-
emulsion (sample G). The intensity of every SAXS peak was
calculated from the total area of the diffraction spectrum at
each temperature. With the bulk sample (Fig. 6A), the spec-
tral intensity started to decrease around 41°C and rapidly de-
creased around 45°C and disappeared at 49°C. This behavior
is quite consistent with that of the DSC melting thermopeaks
shown in Figures 1 and 4. As for the nanoemulsion sample G
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FIG. 4. Simultaneous small-angle X-ray scattering (SAXS)/wide-angle X-ray scattering (WAXS) synchrotron radiation
(SR)-X-ray diffraction (XRD) and DSC measurements of the bulk trilauroylglycerol (LLL) samples.



(Fig. 6B), reduction in diffraction intensity was initiated around
31°C, a gradual decrease was exhibited at 38–41°C, then the
spectra disappeared at 42°C, as shown by arrows. This feature
of the spectra intensity variation with temperature also showed
a good correspondence with the DSC exothermic peaks shown
in Figure 5B, indicating multiple melting behavior of LLL crys-
tals in the nanoemulsion droplets. It is reasonable to consider
that this multiplicity in the melting peaks is caused by differ-
ences in particle sizes of the nanoemulsion: The smaller the
sizes, the lower the melting peaks.

DISCUSSION

Characteristics of nanoemulsion particles (average diameter
40–120 nm). (i) Crystallization. Crystallization of nonemul-
sion particles was retarded compared to the bulk sample. This

is due to a size effect, since LLL in the O/W emulsion having
an average diameter of 360 nm crystallized at 1.0°C (30). The
other lipids in the emulsion droplets showed the same behav-
ior (12). 

(ii) Melting temperatures. Melting temperatures of the β
forms of LLL were reduced, and multiple melting profiles
were observed in the nanoemulsion. The two properties may
be due to a decrease in the crystal size itself and to the crystal
size distribution.

(iii) Polymorphic crystallization. Polymorphic crystalliza-
tion behavior was affected by nanoparticle formation, since
β′ was crystallized by cooling of bulk liquid at a rate of 2°C,
whereas α was crystallized in the nanoemulsion droplets at
the same cooling rate.

(iv) Polymorphic transformation. The polymorphic trans-
formation from α to β′ and from β′ to β occurred at –10°C on
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FIG. 5. Simultaneous SAXS/WAXS SR-XRD and DSC measurements of the nanoemulsion (sample G). (A) Cooling,
and (B) heating. (A rise in WAXS spectra near 2θ = 15° is not due to diffraction.) For abbreviations see Figure 4.



cooling, and at 0°C on heating, respectively, in the nano-
emulsion. This result was not observed in a previous study
(20) in which DSC and SR-XRD were not carried out simul-
taneously. It was interesting that α transformed to β′ during
the cooling process around –10°C. Such a behavior was never
observed in the bulk state. Transformations from the least sta-
ble α form to the more stable β′ or β forms usually occur in
the bulk state during heating by the absorption of the thermal
energy that is necessary to overcome activation energy for the
transformation. This means that the α → β′ transformation of
LLL crystals in the nanoemulsion during the cooling process
was observed for the first time in the present study.

The results regarding crystallization and melting tempera-
tures (points i and ii above) are essentially the same as those
of Westesen’s group (18–20), although the particles employed
in the present study (40–120 nm) were a bit smaller than
theirs (100–200 nm). The results regarding polymorphic crys-
tallization and transformation (points iii and iv above) were
observed (in situ) for the first time in this study. That is, the
stable β form was easily formed through the polymorphic
transformation from the initially crystallized α form to the

metastable β′ form, and by successive transformation from β′
to β; both transformations occurred during the cooling and
heating process below 0°C. 

Characteristics of fat crystallization in emulsion droplets.
(i) Reduced rate of nucleation of crystals. This reduced rate
is reflected in the increase of supercooling for crystallization.
This was observed in the present study using the nanometer-
sized emulsion particles, and also in the µm-size particles re-
ported in other work (19). 

The reduced rate of nucleation of crystals in the emulsion
droplets may be explained by two effects: redistribution of
nucleation-catalyzing impurity substances into the particles,
in which diluted impurity molecules do not promote hetero-
geneous nucleation of crystals (31); and the decreased num-
ber of molecules of crystallizing substance present in the
emulsion particles reduced the rate of transformation from
molecular clusters to crystal nuclei. In an extreme case of re-
distribution of impurities, where few catalytic impurities are
activated in the interior volume of the particles and at the
oil–water interface, the nature of the nucleation process may
change from heterogeneous to homogeneous, provided that
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FIG. 6. Temperature dependence of the intensity of SAXS peak diffraction of β of LLL in the bulk (A) and nano-
emulsion (B) (sample G). For abbreviations see Figure 4.
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the interactions between the emulsifier molecules and LLL
molecules do not affect the nucleation process. It is quite dif-
ficult to assess which cause is primarily operating in the crys-
tallization processes examined in the present study.

(ii) Complicated nucleation processes. Complicated nucle-
ation processes are caused by the presence of oil–water inter-
faces constructed by emulsifier membranes. In particular, het-
erogeneous nucleation catalyzed at the interface (surface hetero-
geneous nucleation) is a new phenomenon that is less significant
for the nucleation in the bulk state. Furthermore, the importance
of surface heterogeneous nucleation may be increased with de-
creasing particle diameter, because of relative importance of the
interface compared to the interior oil phase. It is rather difficult
to assess which type of surface heterogeneous nucleation oc-
curred in the nanoemulsion particles examined in the present
study. To examine this, one may have to vary the surface struc-
tures of the O/W emulsion, either by changing the emulsifiers or
by using surface-activating additives. In the O/W emulsion par-
ticles having µm-sized diameter, surface heterogeneous nucle-
ation was activated by the emulsifier additives (32–34).

(iii) Catalysis of crystallization. Crystallization can be cat-
alyzed by particle–particle interactions resulting from parti-
cle collisions (31). Supercooled oil particles are readily crys-
tallized through collision with droplets whose oil phases are
already crystallized. It is expected that the crystallization of
this type may be enhanced in polydispersed particles rather
than in monodispersed particles. Since the particle size distri-
butions obtained in the present study are of polydispersed
type, particle–particle interactions may be occurring. 

As for the reduction in the crystallization temperature and
the enhanced transformation from α to β′ and from β′ to β,
both properties are ascribed to physical and structural proper-
ties of nanosized particles of fat crystals.  

Two main causes may be considered. The first is surface ef-
fects, in which excess surface free energy raises the total Gibbs
free energy that causes a decrease in m.p. and an increase in
solubility (Gibbs–Thomson effect) (35). The surface effect also
may be reflected in polymorphic transformations, which are as-
sociated with conversions in subcell structures and interlamel-
lar distances, since the polymorphic transformation may be ini-
tiated from the crystal surface as a kind of planar defect. Sec-
ond, the polymorphic transformations also may be initiated
from lattice defects, e.g., dislocation or stacking faults, which
may be introduced more easily in the nanometer-sized particles
compared with the bulk crystals.

The interlamellar distances of LLL crystals in the nano-
emulsion particles used in our study are 3.3 (β), 3.5 nm (β′),
and 3.8 nm (α). Hence, a particle having a diameter of 40 nm,
for example, may contain LLL crystals consisting of about 9
lamellae, if the thickness of the emulsifier molecule (about 
4 nm) is subtracted. In the work done by Bunjes’ group (18),
the number of lamellae planes of trimyristoylglycerol
(MMM) crystals in nanoemulsion droplets was estimated by
analyzing small-angle XRD spectra. The estimated number
of MMM lamellae in the particles having an m.p. around
40°C (cf. m.p. in the bulk state, 57°C) was 2–3. In these tiny

particles, it is reasonable to assume that the surface effects
discussed above are operating in the melting and transforma-
tion processes. 

In regard to the polymorphic transformation, fat technolo-
gists usually intend to maintain the metastable β′ form by pro-
hibiting the β′ → β transformation, since the β′ → β transfor-
mation gives rise to robust effects on the physical properties
of end products involving fat crystals, as usually exhibited in
food (36) and pharmaceutical applications (7,11). Therefore,
if one tries to maintain the β′ form in the nanoemulsion parti-
cles, specific steps may be necessary to prohibit the β′ → β
transformation, such as using β′-stabilized fat materials, poly-
morph-controlling emulsifiers, and fat–fat interaction.
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