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Abstract Solid lipid nanoparticle (SLN) suspensions,
which consist of submicron-sized crystalline lipid particles
dispersed within an aqueous medium, can be used to
encapsulate, protect and deliver lipophilic functional com-
ponents. Nevertheless, SLN suspensions are susceptible to
particle aggregation and gelation during their preparation
and storage, which potentially limits their industrial utili-
zation. In this study, we examined the aggregation and
gelation behavior of SLN suspensions composed of 10 wt%
tripalmitin particles (r < 150 nm) stabilized by 1.5%
Tween 20. The tripalmitin and aqueous surfactant solution
were homogenized above the lipid melting temperature and
cooled under controlled conditions to initiate SLN forma-
tion. The aggregation and gelation of SLN suspensions
during storage was then examined by shear rheometry,
differential scanning calorimetry (DSC), light scattering
and microscopy. Rheology measurements indicated that
gelation times decreased with increasing storage tempera-
ture, e.g., samples formed weak gels after 62, 23, and
10 min at 1, 5, and 10 °C, respectively. DSC revealed
increasingly rapid o- to f-polymorphic transformations in
SLN dispersions stored at 1, 5, and 10 °C, respectively. We
propose that the observed aggregation and gelation of SLN
suspensions are associated with a change in the shape of the
nanoparticles from spherical (a-form) to non-spherical
(p-form) when they undergo the polymorphic transition.
When they change shape there is no longer sufficient
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surfactant present to completely cover the lipid phase,
which promotes particle aggregation through hydrophobic
attraction. Our results have important implications for the
design and fabrication of stable SLN suspensions.
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Polymorphic transformations

Introduction

Solid-lipid nanoparticles are colloidal carrier systems that
have been developed to encapsulate, protect and deliver
lipophilic functional components, such as bioactive lipids
and drugs [1-4]. They are manufactured by homogenizing
a premix of liquid lipid phase (carrier lipid melt plus
functional ingredients) and an aqueous surfactant solution
at temperatures above the melting temperature of the car-
rier lipid to produce a fine oil-in-water emulsion. This
emulsion is then cooled to below the crystallization tem-
perature of the carrier lipid leading to the formation of
solid particles [5]. The use of solid lipids instead of liquid
lipids has been shown to increase control over the release
kinetics of the encapsulated compounds and improve the
stability of incorporated chemically sensitive drugs [6-8].
This is because firstly the mobility of reactive agents in a
solid matrix is lower than in a liquid matrix and oxidative
reactions may therefore be reduced. Secondly, microphase
separations of drugs and carrier lipid in individual liquid
particles resulting in the accumulation of the drug at the
surface of the lipid particles where oxidation is prevalent
may be prevented [9—15].

Solid-lipid nanoparticles are being widely used in the
pharmaceutical industry, but they also have great potential
for the encapsulation, protection and delivery of bioactive

&) Springer ANOCS &



502

J Am Oil Chem Soc (2008) 85:501-511

food components. For food applications, SLN must be
fabricated entirely from generally recognized as safe
(GRAS) ingredients using production processes that are
economic and allow production of large quantities. Previ-
ously, it has been reported that SLN suspensions are highly
unstable to aggregation and gelation under certain condi-
tions [16-20]. If SLN are going to be utilized by the food
industry it is important to ascertain the origin of this phe-
nomenon, the factors that affect it, and develop effective
strategies to prevent it.

Based on previous studies reported in the literature, we
hypothesize that the morphology and composition of
crystallized lipids may play a key role in the instability in
SLN suspensions [21, 22]. Triacylglycerols are known to
crystallize upon cooling into different polymorphic forms
that vary in their unit cell structures due to differences in
molecular conformation and packing [23]. Saturated tria-
cylglycerols may crystallize into three major polymorphic
forms (2, ' and f), with the activation energy, thermo-
dynamic stability, packing density, ordering and melting
point increasing from the o to 8’ to f§ form [23-25].

In this study, we examined the impact of storage con-
ditions on the stability and crystal structure of suspensions
of SLN composed of a model triacylglycerol (tripalmitin)
stabilized by a food-grade nonionic surfactant (Tween 20).

Materials

Tripalmitin (#92903) was purchased from Fluka (Buchs,
Switzerland). Sodium phosphate monobasic (#7558-80-7)
and sodium phosphate dibasic (#7558-79-4) were pur-
chased form Fisher Scientific (St Clair Shores, MI, USA).
Sodium azide (S2002) and polyethylene glycol sorbitan
monolaurate (Tween 20) (374348) were purchased from
Sigma-Aldrich Chemical Company (St Louis, MO, USA).

Methods

Solution Preparation

A buffer solution (pH 7) was prepared by dissolving 4 mM
sodium phosphate (monobasic) and 6 mM sodium phos-
phate (dibasic) in distilled water. An aqueous surfactant
solution was prepared by dispersing 1.5% (w/w) Tween 20
and 0.02% (w/w) sodium azide (to prevent microbial
growth) in phosphate buffer.

Preparation of SLN

Solid-lipid nanoparticles were prepared using a hot
high-pressure homogenization method. The lipid phase,
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tripalmitin, was fully melted in a water bath set at
80 £ 0.5 °C and 10% w/w mixed with 90% w/w sur-
factant/buffer solution held at the same temperature. The
resulting system was mixed for 2 min with a hand-held
high-speed blender (model SDT-1810, EN shaft, Tekmar
Co., Cincinnati, OH, USA) to form a coarse hot emulsion
premix. The hot emulsion premix was then homogenized
ten times at 9,000 bars using a thermostatted microflui-
dizer (Microfluidics, Newton MA, USA) at 75-80 °C to
prevent solidification during the homogenization proce-
dure. The ten passes through the microfluidizer took
approximately 10 min. The fine dispersed emulsion with
a hydrodynamic radius of 146.6 £ 0.9 nm and a poly-
dispersity index of 0.070 & 0.015 was sealed and
placed in a temperature-controlled incubator at 37 °C. In
agreement with previous studies our preliminary experi-
ments showed that significant supercooling to below
20 °C was required to induce crystallization [26]. As a
result, emulsions maintained at 37 °C consisted of liquid
tripalmitin.

Particle Size Determination

Particle size measurements were performed by photon
correlation spectroscopy (PCS) (Nano ZS, Malvern
Instruments, Malvern, UK). Samples were diluted 1:100
using a phosphate buffer solution to prevent multiple
scattering effects. The PCS instrument reports the mean
hydrodynamic radius (r) of the particle population and
the polydispersity index (PI) ranging from 0 (monodis-
perse) to 0.50 (very broad distribution). Mean particle
size was measured at 37 °C for liquid emulsions using a
refractive index of 1.43 (for liquid lipid) and at 5 and
10 °C for SLN using a refractive index of 1.54 (for solid
lipid) [27].

Differential scanning calorimetry

The physical state of the emulsified tripalmitin (e.g., solid
or liquid) and crystal structures of solid lipids were
determined by differential scanning calorimetry (DSC;
Q1000, TA Instruments, New Castle, DE, USA). Emul-
sions (8-10 mg) were placed in aluminum pans and
hermetically sealed. Empty pans were used as a reference
for the emulsion samples. For the investigation of bulk
material, about 1-2 mg of sample was used. The pans
were placed in the DSC and cooled down to 1, 5 and
10 °C at 5 °C/min (approximately the same cooling rate as
in the ice bath) to induce formation of SLN. After storage
for 0, 5, 10, 15, 30, 60, and 120 min the pans were heated
to 75 °C at 10 °C/min. Finally the samples were cooled
back to 10 °C at 10 °C/min to observe crystallization of
re-melted lipid.
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Rheometry

Storage modulus (G’) and loss modulus (G”) of SLN sus-
pensions undergoing a sol to gel transition was measured
with an oscillatory rheometer (Physica MCR 300, Anton
Paar, Graz, Austria) using a cone and plate measurement
system (diameter 49.94 mm, angle 2°) thermostatted by a
Peltier system. The cone was positioned 50 pm above the
plate to avoid effects from single particles. Initially, the
linear viscoelastic region was determined by conducting a
strain sweep at an oscillation frequency of 1 Hz. The strain
sweep indicated that G’ and G” of gelled samples did not
decrease at strains less than 0.8% and consequently all
gelation experiments were conducted at a constant strain of
0.1% and frequency of 1 Hz. To determine the influence of
holding temperature on the rheological properties of sus-
pensions, samples were first cooled in an ice bath under
stirring (300 rpm) and then loaded into the rheometer
thermostatted to 1, 5, and 10 °C, and loss and storage
modulus measured as a function of time.

Microscopy

The microstructures of emulsions and SLN after cooling
were assessed by optical microscopy. A drop of sample
was placed on a microscope slide and covered by a cover
slip, and then the microstructure was determined using
optical microscopy (Nikon microscope Eclipse E400,
Nikon Corporation, Japan). Images were acquired using a
CCD camera (CCD-300-RC, DAGE-MTI, Michigan City,
IN, USA) connected to digital image processing software
(Micro Video Instruments, Inc., Avon, MA, USA) installed
on a computer. A heating/cooling stage unit (LTS120,
Linkam Scientific Instruments, Ltd, England) with a tem-
perature accuracy of 0.1 °C was used to cool/heat the
sample. The heating/cooling stage was equipped with a
thermo-electric Peltier unit controlled by a PE 94 controller
in combination with an ECP water circulator. Heating and
cooling profiles were programmed using the Linksys 32
software.

Stability Assessment of Gelled Sample After Melting

To investigate the stability of gelled SLN upon reheating,
10 ml of the tripalmitin emulsion at 37 °C was placed in a
test tube and cooled down to 5 °C and samples withdrawn
after 5 and 60 min. Photographic images of the test tubes
were taken using a digital camera (PowerShot SD700 IS,
Canon, Tokyo, Japan). Samples were then heated to 75 °C
to melt the crystallized lipid and photographic images were
again taken to evaluate whether coalescence and oiling off
had occurred. Additionally, microscopic images were taken
for the gelled, un-gelled and melted systems, which were

similarly treated inside the Linkam heating/cooling stage.
Particle size distribution of samples subjected to heating
was measured using a static light scattering technique
(Mastersizer X, Malvern Instruments Ltd., Malvern, UK).
This instrument determines the particle size distribution of
dispersions by measuring the intensity of scattered light as
a function of scattering angle and fitting the light scattering
data to a theoretical light scattering model (e.g., Mie
theory) [26].

Assessment of Effect of Surfactant Concentration
on Stability of Samples

The influence of excess surfactant in the aqueous phase of
the SLN suspensions on their stability to aggregation and
gelation was examined by taking aliquots of warm SLN
suspensions (37 °C) that had been freshly homogenized
and mixing them with a surplus of Tween 20 (1, 2, 5 wt%)
prior to cooling to obtain suspensions that had overall
surfactant concentrations of 2.5, 3.5 and 6.5%. Suspensions
were then cooled down to 5 °C and after 2 days of storage,
the state of the solution was evaluated by turning the vial
upside down followed by taking photographic images of
the test tubes using a digital camera (PowerShot SD700 IS,
Canon, Tokyo, Japan).

Statistical Analysis

Experiments were duplicated and all measurements were
repeated three times. Means and standard deviations were
calculated using Excel.

Results and Discussion

Influence of Holding Temperature on Gelation of SLN
Suspensions

Gelation of Tween 20 stabilized SLN suspensions was
initially observed visually after cooling. The suspensions
were stable for a brief period after cooling but eventually
formed a gel as can be seen in the photographic images of
inverted test tubes containing SLN suspensions cooled to
5°C and held for either 5 or 60 min (Fig. 1). Upon
inversion of the test tubes, the samples stored for 5 min
flowed into the bottom of the tubes, whereas those stored
for 60 min remained at the top indicating gel formation.
To better understand the origin of this gelation phe-
nomenon the phase behavior of bulk and emulsified
tripalmitin was determined by DSC (Fig. 2). When bulk
tripalmitin was heated from 30 to 75 °C, then cooled down
to 10 °C, a number of thermal transitions were observed.
Upon heating from 30 °C, three endothermic peaks were
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Fig. 1 Picture of gel formation of SLN after cooling, on the left after
holding for 5 min at 5 °C, on the right after holding for 60 min at
5°C

observed at 45, 50 and 63 °C, which can be attributed to
the melting of o, ' and f crystals, respectively. We can
also see two exothermic peaks at 47 and 52 °C, which can
be attributed to the oo — ' and ' — S polymorphic
transformations, respectively [25]. Upon cooling from
75 °C, a single exothermic peak was observed at 37 °C,
which can be attributed to the initial crystallization of the
bulk tripalmitin into the a-polymorphic form [25]. These
measurements are in good agreement with previous DSC
measurements made on bulk tripalmitin [25].

A 10% (w/w) tripalmitin oil-in-water emulsion was
prepared using the high-pressure homogenization method
and kept at 37 °C. In this emulsions, no gelation was
visually or microscopically observed in the nanoparticle
suspensions during storage for two months. In addition,
when this emulsion was heated in the DSC to 75 °C there
was no melting sign or evidence of any phase transitions
occurring, which suggested that the droplets had remained
liquid at this storage temperature (Fig. 2). When the same
emulsion was cooled from 75 °C in the DSC there was
evidence of a single large exothermic peak at ~23 °C,
which can be attributed to initial crystallization of the
emulsified tripalmitin in the o-polymorphic form (7¢).
Crystallization in the o-crystal form has also been
observed with synchrotron X-ray scattering coupled with

&\ Springer ANOCS &

JIWLIAY)OXT]

SruLRYopuy

Liquid nanoparticles

0 20 40 60 80
Temperature (°C)

Fig. 2 Comparison of the DSC thermographs of bulk oil and liquid
nanoparticles, heated from 37 °C at 10 °C/min to 75 °C then cooled
down at 10 °C/min to 5 °C

DSC under conditions comparable to those described in
this paper [28]. The reason that the crystallization was
observed at much lower temperatures for the emulsified
tripalmitin than the bulk tripalmitin can be attributed to
the effect of emulsification on the nucleation mechanism
[29-34]. Nucleation in bulk oils is initiated by the pres-
ence of impurities that are evenly distributed throughout
the oil. Once heterogeneous nucleation leads to crystal
formation in one part of the oil, then it rapidly propagates
throughout the whole volume of the oil. On the other
hand, the oil in fine-disperse emulsions is divided into a
very large number of droplets, so that the probability of
finding an impurity in a particular droplet is extremely
small [32, 35-39]. In addition, the droplets are effectively
isolated from each other, so that crystallization in one
droplet does not propagated to other droplets, hence the
nucleation mechanism is usually different in bulk and
emulsified oils. As a result, emulsified oil usually requires
a lower temperature to promote nucleation and crystalli-
zation than bulk oil.

The DSC data indicate that the emulsified tripalmitin
should be completely solid at 5 °C (Fig. 2). Nevertheless,
the gelation of the SLN suspension held at 5 °C did not
occur immediately, instead the solution remained fluid for
some time before gelation was observed. The absence of
any visible particulate structures in microscopic images of
SLN suspensions immediately after cooling to 5 °C sug-
gested that the samples were stable to particle aggregation
(Fig. 3a). The small (r < 150 nm) SLN were below the
detection limit of the optical microscope. Upon prolonged
storage at 5 °C, large aggregated structures became visible
in the suspension suggesting the formation of a network of
crystallized SLN (Fig. 3b).



J Am Oil Chem Soc (2008) 85:501-511

505

Fig. 3 Microscopic examination of SLN after crystallization and
a held for after 5 min at 5°C, b held for 60 min at 5 °C and ¢ after
melting of the lipid phase at 75 °C. Magnification x20

A more detailed examination of the gelation process was
carried out using an oscillatory rheometer to measure G’
and G as a function of holding time after SLN suspensions
were cooled to different holding temperatures (1, 5, and
10 °C). The rheology data revealed that the kinetics of gel
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Fig. 4 a Complex modulus (G*) (Y-axis) as a function of SLN as a
function of holding time (X-axis) at 1, 5 and 10 °C. b Phase angle (J)
(Y-axis) as a function of holding time (X-axis) at 1, 5 and 10 °C

network development was highly temperature sensitive i.e.,
the elastic modulus of SLN suspensions held at higher
temperatures increased more rapidly than those held at
lower temperatures (Fig. 4a). The apparent gelation time
(tge1, app) Was defined as the time at which the loss and
storage modulus became equal (i.e., phase angle = 45°).
For samples held at 10, 5 and 1 °C, f4ej, app Was 10.1 = 0.5,
23.2 + 1.1 and 62.4 + 4.2 min, respectively (Figs. 4b, 5).
While gel formation slowed with decreasing temperature,
all samples eventually gelled even at the lowest tempera-
ture tested.

Westesen and Siekmann [17] postulated after observa-
tion of crystallization events in lipid dispersions using
Cryo-Transmission Electron Microscopy that suspensions
may be destabilized due to morphological changes that
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stabilize the newly created interfaces may not be able to
diffuse rapidly enough to adsorb at the newly formed lipid—
crystalline interfaces. Consequently, flocculation may be
driven by the need to minimize the contact area of sur-
factant-free lipid crystals with the solvent. In addition,
other authors suggested that the change of SLN from
spherical to needle-shape was driven by the lipid matrix
transforming from the o to § polymorphic structure [17, 21,
22, 40]. To further investigate whether similar processes
may have occurred in our Tween-20 stabilized tripalmitin
SLN, samples were examined by differential scanning
calorimetry (DSC) and dynamic light scattering (DLS).

Investigation of Gelation Mechanism of Tween
20 Stabilized Tripalmitin SLN

DSC thermograms of tripalmitin emulsions subjected to a
cooling—no holding—heating cycle showed evidence of two
polymorphic forms of tripalmitin in SLN upon heating with
endothermic transition peaks at 43-44 °C and 61-64 °C
(Fig. 6a). These melting peaks agreed well with previously
reported melting peaks observed in tripalmitin nanoparti-
cles [20, 27], and correspond to the subcell arrangement of
two polymorphic forms; the less ordered o-form with a
hexagonal arrangement at 43-44 °C and the f-form with
its highly ordered triclinic arrangement at 61-64 °C [25].
We did not observe the f'-form in our SLN. Since
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Temperature (°C)

Fig. 6 a Heating enthalpy of tripalmitin SLN, kept at 37 °C, cooled
to 1 °C at 5 °C/min (data not shown) and held for 0-120 min in the
DSC, then heated at 10 °C/min to 75 °C. b Cooling enthalpy of
tripalmitin SLN from 75 °C at 10 °C/min after crystallizing and
melting shown in a

polymorphic transitions typically occur from o to f to f3, it
is likely that the formation and disappearance of the
f'-form was too rapid to be detected by the instrument.
Rapid polymorphic transitions into the final f-form prior to
detection of f' structures have been reported previously
[25].

When the original tripalmitin oil-in-water emulsion
containing liquid droplets was cooled for the first time we
only observed a single crystallization peak (7¢), as shown
in Fig. 2. However, when an emulsion was cooled to form
a SLN suspension, then warmed to melt the tripalmitin, and
then cooled again we observed two crystallization peaks
(Fig. 6b). The first crystallization peak during the second
cooling step was at 39.5 £ 0.2 °C and corresponds to the
crystallization of bulk lipid (Fig. 2). This suggests that
tripalmitin droplets may have coalesced upon melting of
gelled SLN suspensions [41-43). Indeed, the presence of
large coalesced lipid droplets after melting of gelled
SLN suspensions was confirmed by optical microscopy
(Fig. 3c). Similarly, a visible oil layer was formed on the
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top of the test tube that contained melted, previously gelled
SLNs (data not shown). The aggregated solid-lipid parti-
cles seen in Fig. 3b that form upon storage of the SLN
dispersions for a prolonged period appear to coalesce into
larger droplets after the samples are melted. Accordingly,
the first crystallization peak was denoted as the coalescence
peak (Tco). The second peak (Tspy) observed during the
second cooling step was at 19.5 & 0.2 °C and corresponds
to the crystallization of SLN (AHg n). As mentioned ear-
lier, the lipids inside small oil droplets crystallize at a much
lower temperature than those within a bulk fat because of
supercooling effects associated with differences in the
nucleation mechanism [26, 37, 44]. Based on the above
data, we therefore conclude that coalescence of particles
after melting is a strong indication that gelation may have
previously occurred and highlights the severity of the
phenomenon i.e., aggregation and network formation in
SLN suspensions can lead to destabilization of the sus-
pension upon temperature increases. It should be noted that
destabilization does not occur if the particles are never
crystallized, i.e., if the warm tripalmitin emulsions are not
cooled (Fig. 1). For example, when the warm tripalmitin
emulsions were stored for 6 weeks at 37 °C without
cooling, no significant particle size increase was observed.
The mean particle radius was 146.5 £ 0.9 nm at day 0 and
148.0 = 0.8 nm after 6 weeks.

DSC thermograms of tripalmitin SLN suspensions
stored at different holding temperatures show that the
enthalpy of melting of the a-form (AH,) decreased with
increasing storage time, with AH,, decreasing to zero (i.e.,
no peak) after 120 min at 1 °C, 30 min at 5 °C, and 10 min
at 10 °C (Figs. 6a, 7a, 8a, 9a). This data indicates that the
o—f3 (polymorphic transformation occurred more rapidly
at higher storage temperatures. Similarly, the crystalliza-
tion enthalpy of supercooled lipid at 19.5 £ 0.2 °C
(AHg; N) decreased with increasing storage time and tem-
perature (Figs. 6b, 7b, 8b, 9b), which suggests that the
fraction of tripalmitin particles that had not aggregated
decreased. When AHg n/AHc: and AHo/AH; (%) were
plotted together and fitted to a linear regression model, a
regression factor R? of 0.9887 for 1 °C, 0.9985 for 5 °C
and 0.9980 for 10 °C was found (Fig. 10, data for 5 and
10 °C not shown) suggesting that the decrease in AHgy y is
directly related to the decrease in AH,. Since a decrease in
AHg; n means that the particles are coalescing and crys-
tallizing as large droplets or bulk oil, it is safe to assume
that the polymorphic transformations from the o-form to
the f-form are related to the destabilization of the SLN
dispersion. Our results are therefore in agreement with
previous studies that indicated that polymorphic transfor-
mations may be the basis for the destabilization mechanism
of SLN suspensions [21, 40, 45].
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Fig. 7 a Heating enthalpy of tripalmitin SLN, kept at 37 °C, cooled
to 5 °C at 5 °C/min (data not shown) and held for 0-30 min in the
DSC, then heated at 10 °C/min to 75 °C. b Cooling enthalpy of
tripalmitin SLN from 75 °C at 10 °C/min after crystallizing and
melting shown in Fig. 7a

The relationship between the a-to-ff polymorphic
transformation of the lipid phase and the propensity for
the SLN suspensions to gel was further highlighted by
comparing the gelation time with the time taken for all
of the a-from to disappear, t,_,; (Fig. 11). There was a
linear relationship between g, 4pp and 7,5 with a
regression factor (R of 0.999, which again strongly
suggests that there is a direct relationship between the
gelation process and the polymorphic transformation of
the lipid phase.

Based on a recently published study by Bunjes et al.
[22], we propose that SLN gelation occurs because of
morphological changes in the lipid particles that are driven
by polymorphic transitions (Fig. 12). Bunjes et al reported
that solidified triacylglycerol nanoparticles were spherical
when the lipid was in the a-polymorphic form, but needle-
like when the lipid was in the p-polymorphic form
[22]. Upon melting, the needle-shaped f-crystals tend to

&) Springer ANOCS &



508 J Am Oil Chem Soc (2008) 85:501-511
(A) 7 (A) 80
Iy | —_e— 1°C
& 1 15min —— T T T Ty o —0—5°C
3 N —v— 10°C
=
§ '\\_J_. ) 60
= 10 min — E: _
1 2
T
= e N 3 40
g 1 smin — \ \ >
2 | 5min 1 / T
g \ <
=
g 2
E- 0Omin — e foT— 5 20
v : — .
Heating a p—
10 20 30 40 50 60 70 80 ol Wyt o0 S
0 20 40 60 80 100 120 140
(‘B) Time (min)
=
g (B) &0
E ISmin —0u — TN ‘—_ — Cooling
E. - 1°C
° . —0— 5°C
10min e = A ' 60 —w— 10°C
= | I -
E Smin o A . = ) :%)
E - < 407
& 4
v | -
Omin " | A :E/)
ot .._ EaR .._ st e ———— <
0 20 40 60 80

Temperature (°C)

Fig. 8 a Heating enthalpy of tripalmitin SLN, kept at 37 °C, cooled
to 10 °C at 5 °C/min (data not shown) and held for 0O—15 min in the
DSC, then heated at 10 °C/min to 75 °C. b Cooling enthalpy of
tripalmitin SLN from 75 °C at 10 °C/min after crystallizing and
melting shown in a

coalesce and upon re-cooling crystallize similarly to the
bulk lipid at a higher temperature accounting for the
observed increased crystallization enthalpy at 39 °C and
the decreased AHg; .

Evolution of SLN Hydrodynamic Radius During
Storage

Further insights into possible transitions from spherical to
needle-shaped particles due to polymorphic transitions can
be obtained using dynamic light scattering. Dynamic light
scattering determines the hydrodynamic radius of a particle
based on its Brownian motion in solution [46]. The
hydrodynamic radius of needle-shaped particles is greater
than that of spherical particles of the same mass [47]. For
example, surface areas have been estimated to double upon
conversion from spherical to cylindrical [1, 17]. Thus,
polymorphic transformations that induce a change from
spherical to needle-shaped particles should increase the

&\ Springer ANOCS &

0 20 40 60 80 100 120 140
Time (min)

Fig. 9 a Enthalpy of a-crystals (A,) divided by the specific heat of
fusion for a-crystals (HA; = 103 kJ/mol) (49) of SLN as a function of
holding time. b Enthalpy of supercooled crystallization peak (Agpn)
divided by overall enthalpy of crystallization of SLN (A.) as a
function of holding time

hydrodynamic radius of SLN [48]. The hydrodynamic
radius of liquid lipid droplets in emulsions maintained at
37 °C was determined to be 146.6 £ 0.8 nm with a poly-
dispersity of 0.07 + 0.015 nm (Fig. 13).

When the tripalmitin emulsions were held at 5 and
10 °C the hydrodynamic radius progressively increased
with time, with the increase being more rapid at the higher
temperature (Fig. 13). In addition, the particle size distri-
bution remained monomodal during this period. This data
may indicate that the particles were transforming from
spherical to needle-shaped during the initial incubation
period. However, after a certain time the particle size
distribution became bimodal with a population of particles
around 140 nm in size corresponding to the initial particles
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Fig. 10 Plot and linear regression of %AH,/AH; (x-axis) versus
AHg N/AH (%) (y-axis)

and another population around 4 pm indicating the for-
mation of large aggregates. Since the sample was diluted to
prevent multiple scattering and particle—particle interac-
tions, the timescale of the aggregation observed in the
dilute solutions may not correspond to the onset of gelation
observed in the rheometer, but the shape transformations
should occur at the same rate since particles should change
their shapes independently of their aggregation. The data
suggests that there is indeed some degree of transformation
from spherical to non-spherical in the initial stages of
storage, which supports the assumption that the instability
mechanism is driven by transformation of the droplet
shape. An interesting observation is that initially, the solid
particles appear to be smaller than the liquid oil droplets

70
6of
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40?—
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Gelation Time (min)
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0 L 1 1 1
0 20 40 60 80

Time (min) when AHy=0

Fig. 11 Plot and linear regression of holding time when AH,/AH;= 0
(from DSC thermograms) versus time of gelation (observed in the
rheometer); R?=0.9993

Solid particle with
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with a-crystal l
structure
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Needle shaped
particle due to B-
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v ¥ Gelling due to
I / attractive forces
Gel network
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Fig. 12 Schematic drawing of the gelation mechanism; suggested
structures of a-crystallized droplet based on electron microscope data
(22)

due to the fact that the density of crystalline lipid higher
than that of liquid droplet (Fig. 13). Therefore crystalliza-
tion of the particle may initially result in a size reduction
but over time the hydrodynamic radius of the particles
increased due to the shape transformation, eventually
resulting in particles that are larger than the liquid particle.
If the particles initially remained spherical when the liquid
droplets crystallized into the o«-polymorphic crystalline
form, then one would expect the radius of the solid parti-
cles (rs) to be slightly less than the radius of the liquid
particles (r) because the solid state density (pg) is greater

than the liquid state density (pr): rs = rL X y/p./ps. For
the system used in this study, the densities of the solid and

200
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180 4 "
=3 Bimodal
£ 170 A d>165 nm
8 —
g 160 - Monomodal
© d<165 nm
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150 A P —
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140 e
—v— 5°C
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Fig. 13 Particle size distribution of SLN held at 5, 20 and 37 °C as a
function of holding time measured with a dynamic light scattering
technique
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liquid phases are 1,010 (x-crystal) and 900 kg m™>,

respectively [49], hence one would expect the hydro-
dynamic radius of spherical solid particles to be about
141 nm compared to 146 nm for solid particle. This value
is close to the value found by extrapolating the hydrody-
namic radius versus time data for the emulsions held at 5
and 10 °C (see below). This would suggest that the parti-
cles formed in the SLN suspensions were initially spherical
in shape.

The physicochemical mechanism proposed above to
account for the observed gelation of the SLN suspensions
is based on the assumption that the solid particles
aggregate after the lipid phase has undergone a trans-
formation from the o to f polymorphic form. This
transformation of the molecular packing leads to a
change in the overall morphology of the lipid particles
that increases their total surface area, thus exposing non-
polar lipid surfaces to water. Non-polar surfaces that are
uncoated by surfactant tend to aggregate together through
hydrophobic attractions to reduce the unfavorable contact
between oil and water. To confirm this mechanism we
examined the impact of adding additional surfactant to
the aqueous phase of the emulsions prior to crystalliza-
tion of the lipid phase but after the homogenization thus
maintaining the droplet size while providing additional
surfactant that can interact with the newly formed sur-
faces. The droplet size was also measured before and
after addition of Tween 20 and no change was found
(data not shown). We hypothesize that the degree of
droplet aggregation would decrease in the presence of
additional surfactant because there would be more
available to cover any extra oil-water interface formed
when the lipid particles change their shape. To test this
hypothesis, various concentrations of Tween 20 buffer
solutions (1, 2, 5% w/w) were added to the warm tri-
palmitin SLN suspension (37 °C) to obtain dispersions
containing overall surfactant concentrations of 2.5, 3.5
and 6.5% (w/w). The suspensions with excess surfactant
were then cooled down to 5 °C to crystallize the lipid.
Emulsions containing no additional Tween 20 formed a
gel as reported previously, but the emulsions containing
an additional 1-5 wt% Tween 20 remained fluid-like, i.e.,
inversion of the test tube of the SLN suspension were
Tween was added led to the samples flowing into the
bottom of the tubes as shown in Fig. 1. This further
supports the theory that new surfaces are formed after
crystallization of the lipid, since addition of extra sur-
factant stabilizes the solution again after cooling.

This study has shown that tripalmitin SLN stabilized by
Tween 20, a commonly used non-ionic surfactant in the
food industry, are prone to particle aggregation and
gelation. The proposed physicochemical origin of this
instability is the polymorphic transition of the lipid phase

&\ Springer ANOCS &

from the o to f§ form during storage, which causes the solid
nanoparticles to change from a spherical to a needle-like
shape. The resulting increase in the surface area of lipid
phase can lead to particle aggregation if there is insufficient
surfactant present to cover it. There are a number of pos-
sible means to improve the stability of SLN suspensions
based on these findings: (1) use a lipid source that prevents
or retards the « to f polymorphic transition; (2) add enough
surfactant to completely cover the lipid particle surfaces in
both the liquid and solid states; (3) use a surfactant that
prevents particle aggregation by increasing the repulsion
between them and (4) use of high-melting emulsifier
additives as templates to modify polymorphic crystalliza-
tion avoiding the crystallization to reduce the impact of
polymorphic transition on the droplet interface transition-
induced gelation process. SLN are clearly promising new
delivery systems that may help the food industry to create
new functional foods, but more research using food-grade
materials is required to control the microstructure of the
particles to maximize stability and functionality.
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