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Abstract Solid lipid particles (SLP) are one strategy for
encapsulating lipophilic molecules, including for controlled
release and enhanced bioavailability applications. SLP based
on fully hydrogenated canola stearin (CaSt, 5, 10, 20, and
30 wt%) and the non-ionic surfactant Poloxamer 188 (P188,
0.0, 0.5, 1.0, 2.5, 5.0 and 10.0 wt%) were produced by high
pressure melt homogenization using a microfluidizer.
Spherical particles in the region of 140 nm were formed,
depending on compostion and processing parameters. Sur-
factant concentration and pressure had a significant influence
on particle diameter (P < 0.05), although number of
homogenization cycles did not (P > 0.05). A maximum
surfactant surface load of approximately 4 mg m™> was
observed and, at or above 2.5% P188, excess surfactant was
present in the continuous phase after production. P188 had
the effect of decreasing particle size and facilitating transi-
tions from the o to the f# polymorph (P < 0.05) both through
surface nucleation and size reduction effects. A stability
study of the 10% CaSt SLP with 0.0, 1.0, or 5.0% P188
revealed particle growth for the 0.0 and 1.0% P188 SLP,
especially at 20 versus 4 °C, but no changes in the 5.0% P188
SLP, which were exclusively in the f form, at both temper-
atures for up to 240 days.
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Introduction

Solid lipid particles (SLP) have been proposed as an
attractive delivery strategy for lipophilic compounds [1-3].
In particular, molecules with no or limited water solubility
present unique challenges because of their aggregation
tendencies in aqueous environments and limited bioavail-
ability. SLP may enhance the encapsulation potential in
these cases and possess the advantages that they can be
produced with non-toxic ingredients without the need for
solvents and large-scale production is feasible. Also, due to
their solid nature, there is the potential to improve loading
and for controlled release of encapsulated compounds, in
comparison to emulsions. Despite the intense interest in
SLP, there are challenges to overcome to capitalize on their
potential for widespread use. These include the tendency
for supercooling, particle growth, unexpected sample
gelation and polymorphic transitions. Furthermore, the
crystalline structure of SLP, while offering advantages,
may ultimately limit the encapsulation potential of SLP for
some compounds [4], particularly when appropriate crystal
structures are not produced.

SLP shape and structure are critical in determining the
efficiency of loading and release of encapsulated com-
pounds. For example, spherically shaped isometric SLP
with minimal order in the crystalline state tend to have
higher loading capacities and controlled encapsulated
compound release potential as compared to thin platelets
with highly ordered and dense structures [5]. Dispersed and
bulk fats also exhibit pronounced differences in terms of
their crystallization and melting, with implications for SLP
functionality [6]. Lipid polymorphism is a key consider-
ation since it influences SLP physicochemical properties,
including the capacity to incorporate molecules [7, 8]. SLP
containing « crystals may undergo polymorphic transitions
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during storage or thermal processing, with an accompa-
nying rearrangement of the TAG molecules and possible
expulsion of molecules encapsulated within the core [6, 9].
Furthermore, polymorphic transitions from the « to f§ form
in SLP have been previously related to SLP destabilization,
sometimes evidenced by gelation of an SLP dispersion and
a change from a spherical to a platelet shape [10, 11].
Interactions between the crystallizing TAG and surfac-
tants play a key role in defining SLP behavior [12] and
significant differences have been reported for SLP of dif-
fering compositions and based on exposure to different
conditions, indicating a high degree of system specificity.
A better understanding of the relationships between SLP
production, physicochemical properties and stability is
required in order to capitalize on SLP encapsulation
potential. This study was undertaken to determine the
effects of composition and processing on properties of SLP
based on fully hydrogenated canola stearin (CaSt) and
Poloxamer 188 (P188). Poloxamers are non-ionic, water-
soluble, tri-block copolymer steric stabilizers consisting of
polyethylene oxide (PEO) and polypropylene (PPO) blocks
as PEO-PPO-PEO. They are well characterized and have
demonstrated potential for SLP production, including for
nano-sized particles (i.e. solid lipid nanoparticles, SLN)
[13] and are commonly used in industrial, pharmaceutical,
natural health product and cosmetic applications, although
they are not food-grade. Poloxamers exhibit minimum
toxicities, may enable controlled release and targeted
delivery applications and are stable at high temperatures.
Also, SLP containing only P188 are generally not opti-
mally stable, making it possible to study the underlying
mechanisms related to SLP instability. SLP containing
CaSt and P188 were produced by high pressure melt
homogenization using a microfluidizer and the effects on
particle size, morphology, melting, polymorphism, surfac-
tant surface concentration and stability were determined.

Materials and Methods

Fully hydrogenated canola stearin (CaSt) was generously
provided by Bunge Canada (Toronto, ON, Canada). The
material had a melting point of 68 °C, a fatty acid
composition of 84.6% stearic acid, 8.6% palmitic acid,
2.8% oleic acid, and 1.7% linoleic acid, and a triacyl-
glycerol composition of 0.7% PPP, 1.2% PPS, 5.1%
SOS, 9.4% SSP and 79% SSS, where P, S, and O are
palmitic, stearic and oleic acids, respectively [14]. The
concentration of mono- and diacylglycerols in the CaSt
was less than 0.1 wt% and no free fatty acids were
detected. The steric, non-ionic emulsifier poloxamer 188
(i.e. P188, Lutrol® F 68, polyoxyethylene—polyoxyprop-
ylene polymer with a hydrophilic-lipophilic balance of
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29 at 25 °C) was generously provided by BASF (Flor-
ham Park, NJ, USA).

SLP Production by High Pressure
Homogenization (HPH)

CaSt (5, 10, 20 or 30 wt%) was heated at 95 °C for 30 min
after melting in order to erase crystal memory. The sur-
factant (0.0, 0.5, 1.0, 2.5, 5.0 or 10.0 wt% of the aqueous
phase) was dissolved in Milli Q water and also heated to
95 °C before being homogenized with the CaSt at
10,000 rpm for 30 s using a handheld mixer (Ika T18
Basic). This hot, pre-emulsion was subsequently passed
one, three, five or ten times through a M110-EH Micro-
fluidizer Processor (Microfluidics Corporation, Newton,
MA, USA) maintained at ~80 °C using an immersion bath
and operated at the desired pressure (34.5, 69, 103, 138 or
174 MPa). The resulting emulsions were stored in 20 mL
vials at 22 + 2 °C with no exposure to light or air in order
for the lipids to crystallize, forming the SLP. Newtonian
cooling was observed, with samples reaching 42, 30 and
22 °C by 8, 30 and 170 min, respectively. Samples were
analyzed, in the form of SLP dispersions, 24 h after pro-
duction. At least three separate batches of each sample
were prepared and three replicate measurements of each
sample were performed.

Particle Diameter by Laser Diffraction (LD)

The volume weighted mean diameter (D,3) was deter-
mined by (LD) using a Mastersizer 2000 with a Hydro 200
SM sample handling unit (Malvern Instruments, EUA) and
accompanying software and using refractive indices of
1.455 and 1.33, respectively, for CaSt and water. Where
indicated, the emulsifying activity index (EAIL m? surface
area/g emulsifier) was calculated from the surface weighted
mean diameter (D5 ) and the total emulsifier concentration.

Melting Behavior by Differential Scanning
Calorimetry (DSC)

A DuPont model 2910 differential scanning calorimeter
(TA Instrument, Mississauga, ON, Canada) was used to
study the bulk fat and SLP melting behavior. Between
10-12 mg of the SLP samples and 6—8 mg of the bulk CaSt
were accurately weighed into aluminum pans and hermet-
ically sealed. Samples were heated from 20 to 85 °C at5 °C
per min. Attempts were made to study the crystallization
behavior of the SLP immediately after homogenization.
Unfortunately, the samples invariably crystallized during
loading into the DSC pans. Therefore, recrystallization runs
were carried out after melting by holding the melted sam-
ples in the DSC at 85 °C for 15 min and then cooling at
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5 °C per min to —10 °C. Recognizing that melting might
have led to changes in particle size, samples were analyzed
by LD and then melted at approximately 5 °C per min to
85 °C, held for 15 min and then cooled to 22 °C and left for
24 h before reanalysis by LD. Values of D, 3 before and
after the described temperature cycling were not signifi-
cantly different (i.e. 6.3 vs. 6.5 um, 0.71 vs. 0.79 um, 0.34
vs. 0.35 pm, 0.13 vs. 0.13 pm, and 0.13 vs. 0.13 pm for the
0.0, 1.0, 2.5, 5.0, and 10.0% P188 SLP, respectively,
P > 0.05). Therefore, the effects of particle size on the
behavior observed during the DSC recrystallization exper-
iments should approximate the initial SLP crystallization
behavior. Peak melting and recrystallization temperatures
(T, and T,.) and melting enthalpies (AH,,) were calculated
using the TA Universal Analysis software provided.

Polymorphism by Powder X-Ray Diffraction (XRD)

A Rigaku Multiplex powder X-ray diffractometer (Rigaku
Corporation, Japan) was used to determine the polymor-
phism of the SLP samples, using Bragg’s Law and fol-
lowing background subtraction with MID’s Jade 6.5
software. Scans were performed from 1 to 30° at 0.5° per
min at a controlled temperature of 20 °C. Assignment of
the polymorphic form was based on spacings of 4.1, 4.2
and 3.8, and 4.6 A for the alpha (o), beta prime (') and
beta (ff) polymorphs, respectively [15].

Microstructural Investigations by Polarized Light
and Cryo-Scanning Electron Microscopy
(PLM and Cryo-SEM)

For imaging by polarized light microscopy (PLM), one
drop of the SLP sample was pipetted onto a glass slide and
carefully covered with a glass cover slip. Images were
acquired using a Leica DMRXA?2 upright light microscope
(Leica Microsystems, Toronto, Canada) equipped with a
digital monochrome camera (QImaging Retiga® 1300,
Vancouver, Canada). Images were taken using 10 and 40 x
objective lenses (Leica, Germany) and captured using
Openlab 5.5.0 (Improvision, Canada).

A Hitachi S-570 scanning electron microcopy (SEM)
(Hitachi High Technologies, Tokyo, Japan) was used to
investigate the size and morphology of the SLP. Samples,
prepared, in duplicate, were injected into stainless steel
rivets mounted on a copper holder for the EMI Tech
K1250x (Ashford, Kent, UK) cryo-preparation unit. The
holder was plunged into a liquid nitrogen slush (at
—207 °C) under vacuum and removed from the chamber
through argon to prevent frost formation on the surface.
Frozen samples were then fractured and sublimated for
90 min at —80 °C and coated with 30 nm of gold (EMI
tech K1250x Sputter Coater, Ashford, Kent, UK). Images

were captured digitally (PCI Quartz; Quartz Imaging Corp.
Vancouver, BC, Canada).

Rheological Properties by Small Deformation Testing

The 10% CaSt SLP containing 0.0, 1.0 and 5.0% P188
were analyzed after production by small deformation rhe-
ology using a AR 2000 controlled stress rtheometer (TA
Instruments, New Castle, DE, USA) equipped with an
acrylic cone-place geometry (plate diameter 60 mm, cone
angle 2°). Continuous flow experiments with shear rates
from 0.5-300-0.5 s~ and oscillatory stress sweeps from
0-10 Pa at a frequency of 1 Hz were conducted.

Sample Preparation and Storage for Stability Study

To study SLP stability over time, samples were prepared,
as described above, with three passes through the micro-
fluidizer at 69 MPa and containing 10% CaSt with 0.0, 1.0,
and 5.0% P188. 0.01% sodium azide was added to inhibit
microbial growth. After crystallization for 24 h at
22 + 2 °C, samples were analyzed in triplicate for particle
diameter, melting behavior and polymorphism. They were
also placed at 4 and 20 °C and analyzed, in triplicate, after
7, 14, 30, 60, 90, 180 and 240 days storage for particle
diameter, melting behavior and polymorphism.

Determination of P188 Surface Load (')

The P188 surface load (I'y) was calculated according to
I's = C,D;,/6®, where C, is the mass of emulsifier
adsorbed to the surface per unit volume of sample, D3 is
the volume-surface mean diameter, and @ is the dispersed
phase volume fraction (i.e. 10% CaSt) [16]. To determine
the amount of emulsifier adsorbed onto the surface, the
concentration of P188 remaining in the aqueous phase was
obtained by centrifuging the SLP after production (which
included 24 h crystallization at 22 °C) at 130,000 g and
22 °C for 12 h and filtering the aqueous phase (0.1 pm).
P188 concentration was determined using a colorimetric
assay, as previously described [17]. Briefly, 200 pl of
aqueous phase, or diluted aqueous phase, were combined in
a 2-mL microcentrifuge tube with 100 pl dye reagent
(consisting of 3 g cobalt (II) nitrate, 20 g ammonium
thiocyanate and 100 mL water), 200 pl ethyl acetate and
80 pl absolute ethanol. The samples were mixed thor-
oughly and then centrifuged at 10,400g for 1 min. The two
upper layers were aspirated and the pellet and tube walls
washed several times with 200 pl ethyl acetate until the
wash solvent was colorless, at which point the pellet was
dissolved in 2 mL acetone and the absorbance at 624 nm
determined using a Hewlett Packard 8451A diode array
spectrophotometer. P188 concentrations were calculated
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based on a standard curve prepared from solutions (0.0-
0.5%) of P188 in Milli Q water. The detection threshold
limit of the assay was 0.02% P188 and r* = 0.98.

Statistical Analysis

Overall effects of CaSt and P188 concentrations and pro-
cessing parameters (pressure and number of passes) were
studied using Statistical Analysis Software 9.1.3. Where
main effects were observed, multiple comparison testing
was done using Tukey’s test. GraphPad Prism (Version
4.0) was used to perform ¢ tests, one- and two-way
ANOVA and P < 0.05 was considered the level of
significance.

Results and Discussion
Effect of Composition and Processing on SLP Diameter

Particle size has a critical influence on the potential uses
and stability of SLP. SLP size depends on the nature of the
lipid matrix, the type and amount of the emulsifying agent
used, as well as the processing conditions, including tem-
perature and the shear forces generated [18]. Table 1 shows
the volume weighted mean diameter (D43) of SLP pre-
pared with variable CaSt (5, 10, 20, and 30%) and P188
(0.5, 1.0, 2.5, and 5.0%) concentrations and processed at
69, 103, 134, or 172 MPa with one homogenization cycle
(i.e. one pass through the microfluidizer). Samples for
which gelation was observed and particle size could not be
determined are indicated as ‘gelled’. Figure 1 shows the
effect of homogenization energy density (34.5, 69, 103,
134 and 172 MJ m~%) on the 24 h D43 and emulsifying
activity index (EAI) in subsequent studies conducted with a
wider range of P188 concentration (0.0 and 10.0%), pres-
sures (34.5 MPa) and multiple homogenization cycles (3, 5
and 10 passes) for the samples which showed the highest
stability and reproducibility in Table 1, i.e. for the particles
prepared using 10% CaSt.

Effects of lipid and surfactant concentrations as well as
homogenization pressure were observed (P < 0.05). How-
ever, there was no overall effect of varying the number of
passes through the microfluidizer (P > 0.05). At the lowest
lipid contents studied (i.e. 5 and 10% CaSt) the dispersions
were more stable (i.e. smaller particles and less tendency for
aggregation) and particle size was more reproducible (i.e.
lower standard deviation between replicates). This was
especially the case when a low CaSt content was combined
with a relatively high P188 concentration. The SLP formed
ranged in diameter from 0.14 to 32.32 um. The smallest
particles were formed with 5% CaSt (P < 0.05), followed by
those produced with 10, 20 and 30% lipid. This is partly
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related to sample viscosity during production [18]. At high
CaSt concentrations, larger particles result because the
higher particle numbers increase the probability of droplet or
particle contact and subsequent aggregation [19].

As expected, surfactant concentration had a clear effect
on SLP diameter. The relative small size of the SLP in the
absence of P188 was somewhat surprising. It is postulated
that the high degree of crystallinity achieved very early
after homogenization (CaSt has a melting temperature of
~68 °C) minimized coalescence and partial coalescence
of the crystallizing droplets. The possibility that the CaSt
contained surface active partial acylglycerols or free fatty
acids was considered. However, the concentration of
mono- and diacylglycerols was less than 0.1% and the free
fatty acid content negligible.

D, 5 decreased significantly for each CaSt concentration
studied with increasing P188 concentration (P < 0.05). For
example, SLP produced with 5% CaSt (69 MPa, 3 passes)
were 1.40 versus 0.15 pm with 0.5 versus 5.0% P188,
respectively (P < 0.05). The effect of P188 was even more
obvious at higher lipid contents. With 20 and 30% CaSt,
samples containing only 0.5% P188 gelled immediately
after production. However, with 1.0 and 5.0% P188, the
20% CaSt SLP (69 MPa, 3 passes) were 20.63 versus
0.39 um. Also, the 20% CaSt SLP with 1.0% P188 gelled
when processed at 172 MPa, but not at the lower pressures.
As discussed below, this is explained by the higher energy
inputs creating smaller droplets, but insufficient emulsifier
present to stabilize the created interface.

The effect of P188 concentration is highlighted by
Fig. 2 which shows the particle distributions for the 10%
CaSt SLP (69 MPa, 3 passes) with variable P188 concen-
tration. In the absence of P188, a bimodal distribution with
peaks located around 0.9 and 9.0 um was observed.
Smaller particles were evident with increasing P188,
although 10.0% surfactant was required to achieve a
monomodal distribution, as even the 5.0% P188 samples
possessed a small shoulder around 0.6 pum.

Figure 1 shows that varying the energy density and
number of homogenization cycles had little impact on the
emulsifying activity index (EAI) within each P188 con-
centration. A decrease in EAI did tend to be observed at
172 MJ m ™ for the 0.5% P188 samples. This was likely
related to the presence of insufficient surfactant molecules
to stabilize the newly created interface at the highest
pressure. With 1 (e), 3 (f), 5 (g), or 10 (h) passes through
the microfluidizer, EAI decreased with increasing total
surfactant. The highest EAI values were observed with
only 0.5% P188, suggesting an inefficiency of additional
surfactant molecules to create or stabilize more surface
area. However, 0.5% P188 was not sufficient to create
nano-sized particles (Table 1). Also, the EAI calculation
assumes that all the emulsifier present is located at the
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Table 1 Effect of P188 concentration (0.5, 1.0, 2.5 and 5.0%) and processing pressure (69, 103, 134, 172 MPa) on 24 h particle size (D43, pm)
of canola stearin-poloxamer 188 solid lipid particles prepared with 5, 10, 20 and 30% CaSt after three passes through the microfluidizer

P188 Concentration (%)

0.5 1.0 25 5.0
5% CaSt (MPa)
69 1.40 & 0.34*! 0.42 4 0.03>! 0.20 & 0.01°! 0.15 £ 0.01!
103 1.12 £ 0.25*! 0.53 + 0.06"! 0.26 + 0.02"! 0.19 + 0.02"!
134 1.55 £ 0.35%! 1.03 £ 0.15%! 0.44 + 0.05><! 0.14 + 0.00>'3
172 2.52 + 0.50*2 0.85 &+ 0.10°° 0.37 + 0.04><3 0.13 + 0.00°3
10% CaSt (MPa)
69 1.57 + 0.28"! 1.26 + 0.29%'3 0.42 + 0.42%13 0.20 + 0.02%13
103 3.32 + 0.64%! 0.41 + 0.04%'3 0.67 + 0.67%'3 0.32 + 0.03%'3
134 3.95 £+ 0.68*! 1.33 £+ 0.23*! 0.61 £+ 0.61*! 0.21 £ 0.02*!
172 32.32 £ 10.94*2 2.99 + 0.55>3 0.78 + 0.78> 0.29 + 0.03*?
20% CaSt (MPa)
69 Gelled* 20.63 + 2.30*! 1.05 £ 0.15%! 0.29 + 0.03!
103 Gelled* 9.98 + 1.21*2 0.58 + 0.07>! 0.25 + 0.02"!
134 Gelled* 2224 + 1.93*! 5.38 + 1.89™13 0.40 + 0.06>'
172 Gelled* Gelled* 377 + 0.44%3 0.75 + 0.08"!
30% CaSt (MPa)
69 Gelled* Gelled* Gelled* 0.36 & 0.04!
103 Gelled* Gelled* Gelled* 3.87 + 1.71°
134 Gelled* Gelled* Gelled* 2.57 + 1.10"
172 Gelled* Gelled* Gelled* Gelled*

Values represent means = SEM, n = 3

Homogenization pressures correspond to energy densities of 69, 103, 134, and 172 MJ m™>

Different superscript letters (a, b, ¢) within each row indicates significant difference between values (P < 0.05)

Different superscript numbers (1, 2, 3) within each column indicates significant difference between values within each CaSt concentration

(i.e. within 5, 10, 20 or 30%) (P < 0.05)

* Samples could not be analyzed because they gelled immediately after production

interface and, as discussed below for Table 3, this was not
the case at all P188 concentrations.

Increasing the number of passes through a homogenizer
is a common strategy to achieve particle size reductions
[20]. However, overall, there was no effect of number of
cycles on particle diameter in Fig. 1. Within each pressure
or energy density, smaller particles tended to be formed
with three versus only one pass, but additional passes did
not generally achieve further size reductions. Similar
results were reported for SLP produced by valve homo-
genization with 10% trilaurin (Dynasan 112) and 5% P188
in that the most efficient homogenization was observed
with three cycles and at 50 MPa [13]. It is commonly
observed that beyond a certain number of passes, droplet
size cannot be further decreased [21]. In the absence of
surfactant, smaller particle sizes were also not observed
with multiple homogenization cycles.

Table 1 and Fig. 1 show that, while D,; tended to
increase with homogenization pressure (or energy density),

the effect was highly dependent on P188 concentration. In
some cases, increases in particle diameter were observed at
higher pressures. For example, values of D, 3 were higher
with 1.0% P188 as the pressure was increased, with three,
five, or ten passes (see Fig. 1). Similar trends were
observed for the 20% CaSt SLP, comparing the values of
D43 with 103 versus 134 MPa (see Table 1). Smaller
droplets are produced at higher pressures and more sur-
factant is needed. Also, the rate of poloxamer adsorption to
droplet surfaces is reportedly slow, owing to their relatively
high molecular weights (8,400 g mol~' for P188) [22, 23].
While high pressures lead to greater droplet disruption, if
the surfactant is not able to adsorb to the created interfaces
quickly enough, coalescence will occur, leading to larger
emulsion droplets [24] and ultimately larger SLP. Such
‘over-processing’ can result at high energy inputs during
very efficient homogenization operations, particularly
microfluidization [21] and depends on factors such as the
nature and concentration of the lipid and surfactant, the
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total energy input and homogenizer design [20, 21]. While
the nature of poloxamer may have contributed to ‘over-
processing’ at the highest pressures, P188 was very effec-
tive at the lower and more industrially relevant pressures.

The 5 and 10% CaSt SLP ranged in diameter from
120 to 200 nm, depending on P188 concentration and
processing pressure. Therefore, production of solid lipid
nanoparticles (SLN) is possible with this system. Similar
diameters have been reported for tristearin-rich SLP
stabilized with a mixture of P188 and phospholipids (i.e.
158 nm mean particle diameter by photon correlation
spectroscopy [25]). Also, SLP produced by HPH and
composed of 10% tripalmitin with 3.6% P188 (of the
aqueous phase) were 187 nm [8], while 10% trilaurin-
SLP with 5% P188 (of the aqueous phase) and also
produced by HPH were 168 nm [13]. These comparisons
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indicate that SLP within the same size range can be
produced by microfluidization as by high pressure valve
homogenization. Furthermore, nanometer-sized SLP were
produced at 69 MPa and with no more than three cycles,
conditions which are similar to reports for valve
homogenizers [1, 6, 8, 19, 26-31]. These conditions
do differ, however, from recent reports of SLP produc-
tion by microfluidization at much higher pressures with
tripalmitin and Tween 20, i.e. 10 cycles at 900 MPa
[11, 32].

SLP Melting and Polymorphic Behavior
by DSC and XRD

Representative thermograms for bulk CaSt and the 10%
CaSt SLP with varying surfactant concentration are shown
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Fig. 2 Particle size distributions by laser diffraction showing the
effect of P188 concentration (0.0, 0.5, 1.0, 2.5, 5.0 and 10.0%) for the
10% CaSt SLP processed at 69 MPa, with 3 homogenization cycles
and crystallized at 22 °C for 24 h

in Fig. 3. The corresponding peak melting temperatures
(Ty,) and enthalpies (AH,,) are reported in Table 2.

Melting peaks corresponding to the o (~57.5 °C), f'
(~64.5 °C) and f§ (~69.9 °C) polymorphs were observed
for the bulk CaSt. This is in close agreement with reports
that the o, ', and f§ polymorphs of tristearin melt at 56, 66,
and 73 °C, respectively [33]. Compared to the bulk state,
T, for the dispersed samples was significantly lower
(P < 0.05). For example, Ty, of the o, 8 and 8 polymorphs
were 57.5, 64.5 and 69.9 °C, respectively, for the bulk
CaSt versus 52.9, 60.7 and 67.9 °C, respectively, for the
SLP without surfactant. Lipid dispersions typically melt
around 3-5° lower than their respective bulk samples
because of the decrease in particle size and as expected
according to the Gibbs—Thomson equation [6, 26, 27, 34].
Emulsifier type and concentration and production method
can also account for differences in melting behavior
between lipid dispersions and the corresponding bulk fat
[8, 35, 36].

According to Table 2, the o polymorph was present in
each of the 0.0, 0.5, 1.0, 2.5 and 5.0% P188 SLP samples
24 h after production, but not with 10.0% P188. T, for the
o polymorph was the same regardless of surfactant con-
centration (P > 0.05) and despite differences in particle
diameter. Other reports, however, have noted a T,
depression with decreasing particle size [6, 8, 9, 26-28].
Lower values of AH,,,, were observed for the 2.5 and 5.0%
P188 SLP, compared with the 0.5 and 1.0% P188 SLP,
indicating the presence of less o with increasing emulsifier
molecules. In fact, the AH,,,, for the 5.0% P188 SLP was
only 0.1 J g~ " and no o peak was detected in the 10% P188
SLP.

The ' polymorph was only observed in the bulk CaSt
and 0.0% P188 SLP. Its absence in the P188-containing

samples is consistent with the hypothesis that P188 facili-
tates transitions to the f§ form. Also, as little as 0.5% P188
changed the SLP polymorphism. This suggests the sur-
factant interacts directly with TAG molecules at the
interface, initiating polymorphic transitions there where
TAG molecules have higher mobilities compared with
those in the core of a crystal lattice [37]. Smaller particles
were also observed with increasing P188 concentration. In
smaller particles the number of TAG molecules per particle
able to interact with interfacial surfactant molecules is also
relatively higher [12]. In some cases, interactions between
TAG and surfactant molecules can delay polymorphic
changes [12]. However, in this study, increases in P188
concentration were clearly associated with promotion of
the o to f transition. Similar findings have been reported
for other colloidal dispersions versus bulk fats, including
SLP which contain hydrophilic surfactants and particularly
in formulations with non-ionic stabilizers such as polox-
amer [6, 37].

The influence of P188 on the CaSt SLP polymorphism is
at least partly related to the direct effects on TAG crys-
tallization. However, the effects may also be indirect
because of decreases in particle size. For example, smaller
particles do have a greater tendency for supercooling
because the critical number of nuclei molecules required is
less likely to be present as droplet size decreases [1].
According to Table 2, decreases in particle diameter and
acceleration to the f polymorph were associated with
increasing P188 concentration. Reports differ in terms of
the relationship between polymorphism and droplet size.
Because smaller droplets have higher surface curvatures,
their ability to adopt more stable configurations can be
restricted [12]. However, smaller particles may also expe-
rience accelerated transitions because of overall higher
surface areas and the fact that molecules at the interface
have higher mobility which enables the conformational
changes associated with a polymorphic transition [37].
Apparent discrepancies in SLP polymorphic behavior are
not surprising given the strong dependency on lipid matrix,
surfactant, cooling rates, temperature and particle size. To
better understand the behavior observed in this study, the
relationship between P188 surface load, specifically, and
particle size and polymorphism is discussed below.

Isothermal powder XRD was used to confirm the poly-
morph assignments by DSC. Table 2 shows that, according
to XRD, the bulk and dispersed CaSt samples without P188
(i.e. bulk CaSt and the 0.0% P188 SLP) contained only the
o polymorph. This is consistent with the DSC results and
suggests that dispersing the fat did not affect the TAG
crystallization polymorphism. Furthermore, it indicates
that the f' and 8 peaks in the bulk CaSt and 0.0% P188
SLP thermograms were the result of transitions induced by
heating the samples during analysis. The DSC and XRD
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results for the 0.5% P188 SLP indicate the presence of the
o and f polymorphs, both confirming the presence of f§ and
indicating the sample was transitioning from the « to the f8
form at the time of measurement. According to the DSC
and XRD results, P188 facilitated the o to [ transition.
With 5.0% P188, only the § polymorph was observed by
XRD (by DSC a very small peak in the o region was
observed, i.e. AH,, =0.1Jg™"). Only the f polymorph
was detected in the SLP containing 10.0% P188 by both
DSC and XRD.

Supercooling is a common occurrence in SLP, particu-
larly, but not exclusively, in those containing short chain
TAG [38]. Crystallization indices are sometimes calculated
from melting enthalpies in an attempt to quantify the
proportion of SLP lipids which are crystallized [34].
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However, this can be problematic when multiple poly-
morphs are present. According to Table 2, the melting
enthalpy for the dispersed system containing 10% CaSt and
no surfactant (i.e. 0.0% P188 SLP) was roughly 10% that
of the bulk (i.e. 4.4/38.9). This indicates a high degree of
crystallinity of the lipid present. For the SLP containing
P188, both the o and f§ or just the f polymorphs were
observed, as were continual decreases in the enthalpy
values for both the o and ff melting peaks. This suggests the
presence of relatively less crystallized lipid with increasing
P188 concentration, possibly related to a greater degree of
supercooling with decreased particle diameter. However,
this must be considered in light of the observation that
P188 accelerated formation of the S phase, as discussed
below.
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Table 2 Peak melting temperatures (T, °C) and enthalpies (AH,,, J g~') by differential scanning calorimetry, polymorphs identified by X-ray
diffractometry and particle diameter (D, 3) by laser diffraction for bulk CaSt and SLP containing 10% CaSt with 0.0, 0.5, 1.0, 2.0, 5.0 or 10.0%
P188, after 24 h crystallization at 22 °C following three passes through the microfluidizer at 69 MPa

Differential scanning calorimetry results

Polymorph  Particle

- assignment  size D43 (um)

Alpha () Beta-prime (f') Beta () by XRD ’

T AH,, T AH,, Ton AH,,
Bulk CaSt 575 + 0.6 389 =+ 4.0° 645+ 0.5° 48+ 052" 699+ 03" 580 +42° o -
0.0% P188 SLP 529 + 0.0° 4.4 4+ 04> 607+ 0.1°> 3.0+04° 679 +£03° 62+13° o 8.656 + 0.763%
0.5% P188 SLP 527 £ 0.1°> 7.6 + 0.6° - - 67.1 £ 0.1 280+ 1.6 o, B 1.574 4+ 0.062°
1.0% P188 SLP  52.8 +£ 0.2° 5.8 4+ 0.3%¢ - - 66.7 +£02¢ 267 +12% o p 1.256 + 0.128°
2.5% P188 SLP  52.6 £ 0.2° 2.2 + 0.6°¢ - - 657 £03° 202+14° o f 0.417 + 0.001°
5.0% P188 SLP 5254+ 0.1° 0.1 & 0.0° - - 645+ 0.1 194+08 § 0.203 + 0.053¢
10.0% P188 SLP - - - - 645 +0.128  206+04° § 0.128 + 0.001¢

Values represent means + SEM, n = 3

Assignment of the polymorphic form was based on spacings of 4.1 A for «, 4.2 and 3.8 A for #, and 4.6 A for § [15]

Recrystallization peak temperatures (°C) for the bulk CaSt (49.7 + 0.3), 0.0% P188 SLP (49.6 £ 0.0), 1.0% P188 SLP (49.5 £+ 0.2 and
332 £ 0.1), 2.5% P188 SLP (49.6 and 31.8 & 0.2), 5.0% P188 SLP (30.1 & 0.1), and 10.0% P188 SLP (29.0 £ 0.1) were observed and
obtained by holding melting DSC samples at 85 °C for 15 min and cooling to —10 °C at 5 °C per min

Different superscript letters within each column indicate significant difference between values (P < 0.05)

Relationship Between SLP Diameter and Polymorphism
as a Function of P188 Concentration and Surface Load

Tables 1 and 2 highlight the fact that an increase in P188
was associated with a decrease in particle diameter
(P < 0.05). P188 concentration and decreases in particle
diameter were also correlated with a higher proportion of
f (Table 2). The 0.0% P188 SLP contained a large pop-
ulation of particles in the range of 9 pm (Fig. 1) and only
the o polymorph was observed (Table 2), whereas the
10.0% P188 SLP had only particles in the range of
120 nm and the f polymorph. Between 1.0 and 10.0%
P188, bimodal size distributions and both o and f§ poly-
morphs were observed.

According to Table 2, Ty, for f§ reached a plateau after
2.5% P188, i.e. in the same region as submicron sized
particles were formed. In addition, a decrease in T,,p was
observed with an increase in P188 and associated decreases
in D43 (i.e. Tpyp was 67.9 and 64.5 °C for the 0.0 and 5.0%
P188 SLP, respectively, P < 0.05). Also, larger particles
and more broad size distributions were observed with only
0.5 and 1.0% P188 compared with the higher P188 con-
centrations (Fig. 2). Although not observed here, samples
with wide size distributions can exhibit melting peak
broadening because each size grouping has a unique
melting event [4].

DSC recrystallization experiments were carried out for
the SLP after each melting run. The following peak recrys-
tallization temperatures (7;.) were observed for the bulk
CaSt (49.7 £ 0.3 °C), 0.0% P188 SLP (49.6 £ 0.0 °C),
1.0% P188 SLP (49.5 £ 0.2and 33.2 £ 0.1 °C),2.5% P188

SLP (49.6 and 31.8 £ 0.2°C), 5.0% P188 SLP
(30.1 £ 0.1 °C), and 10.0% P188 SLP (29.0 & 0.1 °C).
Only « crystallization was identified in the bulk CaSt and
SLP without P188. In contrast, crystallization of both o and f8
was observed with 0.5, 1.0 and 2.5% P188 and only f3 crys-
tallization was observed for the 5.0 and 10.0% P188 SLP.
Therefore, the polymorphs formed during the recrystalliza-
tion experiments were the same as present in the samples
prior to melting, with the exception of the 5.0% P188
SLP where a tiny o melting event was present (Fig. 3), butno
T,c, Was observed.

Comparing the T;. values, no depression in « nucleation
temperature was observed when CaSt was dispersed
(P > 0.05). Emulsified lipids often crystallize at lower
temperatures than bulk fat because of a decreased likeli-
hood of heterogeneous nuclei [36] and there are reports of
decreased crystallization temperature with decreasing par-
ticle size [26]. These trends may not have been observed
here because of CaSt’s high melting point and very rapid
crystallization of the o phase. In the case of f3, the T,
decreased steadily from 33.2-31.8-30.1-29.0 °C for the
1.0, 2.5, 5.0 and 10.0% P188 SLP, respectively (P < 0.05),
suggesting a greater degree of supercooling with P188
concentration and reduction in particle diameter. The P188
surface load in the 2.5, 5.0 and 10.0% P188 SLP was the
same (Table 3, see discussion below, P > 0.05), so dif-
ferences should not be related to differences in P188 sur-
face concentration and any associated direct effects on
crystallization. Also, according to Table 2, the f§ phase was
more prominent with increasing P188. In order to better
understand the time course of o and i formation, XRD
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Table 3 Surface weighted mean droplet diameter (Ds,, um), concentration of surfactant remaining in the aqueous phase after production
(%P188) and P188 surface load (mg m_z) for SLP containing 10% CaSt with 0.0, 0.5, 1.0, 2.0, 5.0 or 10.0% P188, after 24 h crystallization at

22 °C following three passes through the microfluidizer at 69 MPa

SLP sample Surface weighted Specific surface P188 concentration P188 surface
mean diameter (D35, um) area (m2 gfl) remaining in load (mg mfz)
aqueous phase (%)
0.0% P188 3.28 4+ 0.568° 1.82 + 0.34° 0.00 + 0.00° 0.0 £ 0.0
0.5% P188 0.191 &+ 0.017° 31.15 £ 2.70° 0.00 + 0.00° 1.6 + 0.0
1.0% P188 0.156 + 0.031° 38.72 + 5.84° 0.03 + 0.00° 2.1 + 0.6
2.5% P188 0.119 £ 0.003° 49.44 + 1.34° 0.47 £ 0.07° 40+ 0.1°
5.0% P188 0.116 + 0.007° 50.81 + 3.18° 2.80 + 0.43° 41 +08°
10.0% P188 0.114 + 0.000° 51.67 & 0.15° 8.03 + 0.69° 37 +1.3°

Values represent means £+ SD, n = 3

Different superscript letters within each column indicate significant difference between values (P < 0.05)

scans of the 5.0 and 10.0% P188 SLP were performed
starting from 1 and up to 57 h after homogenization, as
shown in Fig. 4.

For the 5.0% P188 SLP at 1 h, Fig. 4a shows a main
peak at 4.14 A, aless prominent peak around 4.59 A and
strong liquid phase scattering. Therefore, both of the « and
f polymorphs are present. The o peak at 4.14 Ais gone by
7 h and the prominence of the f§ phase scattering continues
to increase with time, as does the long spacing peak at
15.27 A. Long spacings in the range of ~45 A (corre-
sponding to the 003 peak observed at 15.27 A), indicative
of a 2L lamellar crystalline structure, were observed for all
SLP samples. This is consistent with reports of a long
spacing at 44.98 A for tristearin with a double chain-length
packing [39]. According to Fig 4b, a very weak o peak and
a very prominent f§ peak were observed after 1 h crystal-
lization of the 10.0% P188 SLP. There was no evidence of
o remaining by 2 h, indicating that higher concentrations of
P188 accelerate § formation.

While the above DSC and XRD results indicate the
important role of P188 in terms of inducing f formation, they
do not distinguish between a direct effect of P188 concen-
tration on f nucleation versus an indirect effect through
reductions in particle size. Therefore, samples of the 0.0%
P188 SLP were homogenized prior to the addition of hot
P188 solutions to achieve final concentrations of 0.5, 1.0, 5.0
and 10.0% surfactant and then held at 85 °C for 24 h, with
regular mixing, prior to crystallization at 22 °C for 24 h and
subsequent analysis by LD and DSC. Particles in the range of
10 pm were observed for each sample (i.e. 10.4, 9.8, 9.4,
10.8, and 11.3 p for the 0.0, 0.5, 1.0, 5.0 and 10.0% P188
samples, respectively, P > 0.05) because of challenges in
evenly distributing the surfactant. However, only the o
polymorph was observed for the 0.0% P188 SLP, while
every sample with P188, contained both « and f (data not
shown). Therefore, P188 clearly induces /5 formation, even
in relatively large particles. There were no trends in terms of
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the relative prominence of the « versus f§ polymorphs as a
function of P188 concentration in this experiment, suggest-
ing P188 does not only act directly. It is possible that
decreased particle size accelerates f§ formation, although
Table 2 and Fig. 4 clearly show an acceleration to f in the
10.0 versus 5.0% P188 SLP where small particles with
similar D43 values were observed (0.203 £ 0.053 versus
0.128 £ 0.001 pm, respectively, P > 0.05).

To determine if particle size or surfactant interfacial
concentration were responsible for the acceleration to f3,
P188 surface loads in the 0.0-10.0% P188 SLP were
determined. Table 3 shows the surface weighted mean
droplet diameter (D5 ,), specific surface area, concentration
of surfactant remaining in the aqueous phase after SLP
production and the P188 surface load for the 0, 0.5, 1.0,
2.0, 5.0 and 10.0% P188 SLP.

The P188 surface loads were in the range of a few
mg m™ 2, consistent with previous reports [16]. The results
also reveal that excess P188 is present in the aqueous phase
above approximately 2% surfactant. Excess surfactant can
be required to form versus to stabilize an emulsion [40]. A
trend towards higher P188 surface load with increasing
total P188 was observed, although the values for the 0.5—
10.0% P188 SLP were not significantly different
(P > 0.05) and leveled off by 2.5% P188. The similar
surface load values indicate that approximately the same
amount of emulsifier is required to cover the same amount
of interface, suggesting the particles are similarly shaped.
According to Tables 2 and 3, D5, and D, ; depended sig-
nificantly on total P188 concentration (P < 0.05), although
where differences were observed differed between the two
parameters. Values of D, ; ranged more widely and were
generally higher than for values of Dj ,. For example, D5,
in the range of 200 nm were observed for the 0.5% P188
SLP, whereas values of D, 3 in the range of 200 nm were
not observed until with 5.0% P188. Differences between
the surface and volume weighted mean diameters can occur



J Am Oil Chem Soc (2010) 87:715-730

725

d=4.59
d=5.36

d=3.88 d=3.73

57h
47h AIN/L/\\N

AN/L/\/\%__

24h
13h M

11h 4‘N__/L’—’/\L—

9h ;_,\,—/\‘/%___

5h J\/\\%“

4h N

3h A

24 “__//,/\....._w...*
1h d=4.14 .

8 10 12 14 16 18 20 22 24 26 28 30
2 Theta (degrees)

d=4.59

d=3.73
d=3.88

2h

d=4.14

Fig. 4 Powder X-ray
diffractograms for 10% CaSt d=15.27
SLP containing 5.0% P188 (a) ~—__\
and 10.0% P188 (b) produced
with three homogenization —
cycles at 69 MPa and NEAN
crystallized at 22 °C
for up to 57 h ~ | "
3
o | ~——"\
=
n
c
2
£
\\
2 4 6
B
3
K
=
[72]
=
Qo
=
2 4 6

in cases of broad or multimodal particle size distributions
[16], as were observed at the lowest surfactant concentra-
tions, in particular (Fig. 2).

Combined, the results indicate that P188 induced for-
mation of the f polymorph. Also, above ~2% total P188,
excess surfactant was present in the aqueous phase, with
surface load reaching a maximum of approximately
4 mg m~2 in the 2.5% P188 SLP. Therefore, the acceler-
ated o to f§ transitions associated with increases in total
P188 above 2.5% P188 cannot be attributed to differences
in surfactant surface load. The acceleration to f§ in the 2.5
versus 5.0 versus 10.0% P188 SLP must be related to
differences in particle size. Thus, in this system, P188
facilitates the o to f transition through both direct and
indirect effects.

2 Theta (degrees)

SLP Rheology by Small Deformation Testing

Rheological analysis of the 0.0, 1.0, and 5.0% P188 SLP
revealed very different behaviors for the SLP in the
absence and presence of P188. Based on continuous flow
experiments, the 1.0 and 5.0% P188 SLP were found to be
non-Newtonian pseudoplastic fluids, without yield stresses.
They demonstrated thixotropic behavior and had appar-
ent viscosities of 6.0 + 0.1 x 107> Pa's and 9.2 & 2.1 x
1073 Pas, respectively (P < 0.05). Differences in the
concentration of P188 remaining in the aqueous phase
(i.e. 0.03 & 0.00 vs. 2.8 4+ 0.43% for the 1 and 5% P188
SLP, respectively) might account for the differences in
apparent viscosity. In contrast, the 0.0% P188 SLP dem-
onstrated viscoelastic behavior based on oscillatory testing.
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Fig. 5 Polarized light
micrographs of SLP containing
10% CaSt and 0.0% (a), 1.0%
(b), 5.0% (c) and 10.0% (d)
P188 processed with three
passes through the
microfluidizer at 69 MPa
followed by crystallization at
22 °C for 24 h (40x
magnification)

A complex modulus of 755.52 &+ 617.33 Pa was observed,
although the results were highly variable, possibly because
of shear-induced aggregation during the analysis.

SLP Microstructure by PLM and Cryo-SEM

Polarized light micrographs (PLM) for the 10% CaSt SLP
processed at 69 MPa with three passes and containing
varying amounts of P188 (0.0, 0.5, 1.0, 2.5, 5.0 and 10.0%)
are shown in Fig. 5. Samples were visualized both in situ
and after dilution (1:4 vol:vol dilution with Milli Q water,
images not shown). In the absence of P188, clumped 0.0%
P188 SLP clusters ranging in diameter from roughly 11 to
46 pm were observed (Fig. 5a). With increasing P188
concentration, less clumping was observed, although size
estimates for individual SLP still could not be achieved.
According to Fig. 5, generally rounded particles were
observed, regardless of the presence or concentration of
P188. This is in accordance with other studies reporting a
spherical shape for SLP [41, 42].

Cryo-SEM was also used to image the 0.0, 1.0, 5.0, and
10.0% P188 SLP after crystallization at 22 °C for 24 h.
Representative images are shown in Fig. 6. In the absence
of P188 (Fig. 6a), large clumped sphere-like particles
connected by thin strands, appearing to consist of tiny
clumped particles, were observed. The highly aggregated
nature was expected based on the absence of surfactant. By
LD, particles in the 0.0% P188 SLP samples ranged from
roughly 0.3 to 23.0 um. The smallest particles discernable
in Fig. 6a are around 0.2 pm.

€\ Springer ANOCS &

With 1.0% P188 (Fig. 6b) rounded, aggregated SLP
were again observed. The clumps appear to be smaller than
for the 0.0% P188 SLP, expected in accordance with the
trends by LD and given the presence of surfactant which
facilitates the creation of smaller particles during homog-
enization and stabilizes the system during storage [40].
Also, the strands present in these samples appear to be
longer than for the 0% P188 SLP, possibly due to inter-
facial P188 forming bridges between particles.

Large differences were seen for the 5.0 and 10.0% P188
SLP (Fig. 6¢c, d). A clear network of smooth strands was
obvious and appeared to coat the particles. With 10.0%
P188, discrete fat particles could not be seen and the
strands were thicker. Such a network is consistent with
reports for P188 alone and reports that P188 forms porous
structures on lipophilic surfaces [43]. P188 solutions were
also prepared and imaged exactly as for the SLP samples in
Fig. 6, revealing long thin strands similar to Fig. 6d (data
not shown). Therefore, the apparent networks in the SLP
samples are related to excess surfactant in the continuous
phase, especially in the 5.0 and 10.0% P188 SLP. To
explore the influence of a P188 network on stabilization of
the concentrated samples, the 10.0% P188 SLP was diluted
after production to contain 0.5, 1.0 or 5.0% surfactant.
After equilibration at 22 °C for 24 h, values of D, 5 for the
non-diluted 10.0% P188 SLP and for the 5.0, 1.0 and 0.5%
P188 diluted samples were determined and did not differ
significantly (i.e. ~0.13 pm, P > 0.05). This supports the
conclusion that the apparent networks in the SEM images
are not permanent and that a P188 network is not required
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Fig. 6 Cryo-scanning electron
micrographs of CaSt SLP
containing 10% CaSt and 0.0%
(a), 1.0% (b), 5.0% (c) and
10.0% (d) P188 processed with
three passes through the
microfluidizer at 69 MPa
followed by crystallization at
22 °C for 24 h

for stabilization of the SLP. It also points to the importance
of P188 in achieving a small droplet size during homoge-
nization, rather than preventing SLP aggregation after
droplet crystallization.

SLP Stability: Effect of Surfactant Concentration
and Storage Temperature

SLP stability is generally considered in terms of the pro-
duction of small particles (100-200 nm) with a narrow size
distribution and the absence of agglomeration and particle
growth during storage [7]. Destabilization is common and,
in addition to particle size increases, can lead to sample
thickening and sometimes gelation. Contributing factors
include emulsifier type and concentration, shear, tempera-
ture, light and the material of the storage container [19]. In
this study, gelation was only observed for the 20 and 30%
CaSt systems and never for the 10% lipid samples
(Table 1). Preliminary DSC, XRD and SEM experiments
suggested gelation was not related to a change in polymorph
or morphology (data not shown). Table 4 shows the Dy 3
and polymorphism for the 10% CaSt SLP (with 0.0, 1.0, or
5.0% P188) stored at 4 and 20 °C for up to 240 days.

An overall effect of time on particle diameter for the 0.0
and 1.0% P188 SLP at both 4 and 20 °C was observed
(P < 0.05). In contrast, no changes were observed for the
5.0% P188 SLP (P > 0.05). The 5.0% P188 samples
retained a diameter of ~ 140 nm at both temperatures,
emphasizing the importance of P188 and achieving a nar-
row size distribution for preventing growth [44]. No
changes have been observed either in samples containing
5% CaSt with 5.0% P188 over a period of 6 months (data
not shown). Not surprisingly, a trend towards increased
particle diameter, related to aggregation and Ostwald rip-
ening, was observed for the 0.0 and 1.0% P188 samples,
particularly at 20 °C. The changes in D43 for the 0.0%
P188 samples were relatively modest, although phase
separation with particle sedimentation was observed,
making representative sampling a challenge. To minimize
bias, sampling was done from the midpoint of each 20-mL
storage vial.

Less aggregation was observed at 4 versus at 20 °C.
Reddy et al. [45] investigated 5% tristearin SLP stabilized
with 3% sodium tauroglycocholate, during 30 days storage
at 4, 30 and 50 °C and reported size increases at each
temperature. Storage at 4 °C was optimal, while samples at
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Table 4 Changes in particle diameter (D, 3, ptm) and polymorphism of P188-CaSt SLP prepared with 10% CaSt and 0.0, 1.0, or 5.0% P188 with
a processing pressure of 69 MPa and three passes through the microfluidizer followed by 24 h crystallization at 22 °C (day 0) and storage at 4

and 20 °C for 7, 14, 30, 60, 90, 180 and 240 days

P188 (%) Time (days)

0 7 14 30 60 90 180 240
4°C
00 87+08a 150+05a 127+040 144+02a 363+197a 13.6+01a 169+13a  236+48«
1.0  13+030p 15+030, 34+000, 37+080,f 49+050f 86+345 94+238 126 + 3.6 B
5.0 024+008 01+008 01+008 01+008 01+008 01+008 01+00p 0.1 4+00p
20 °C
00" 87+08ax 2l1+1la 1274120 11140908 338+ 1308 33.0+£3.60, f 947 £ 1254, 287 £ 128
10 1340308 1.5+010,8 42+040,8 67160, f 84+06f 123+638 11.1+22p8 204+ 1614
5.0 024+008 014008 01+£008 01+£008 01+£008 01+£008 0.1+00% 0.1+008

Values represent means = SEM, n = 3

Assignment of polymorphic form based on spacings of 4.1 A for «, 4.2 and 3.8 A for /', and 4.6 A for f§ [15]

Samples for analysis withdrawn from midpoint of 20 mL vial

# Indicates significant difference in D, 3 observed between days of storage (P < 0.05)

® Phase separation in progress. Samples from the bottom, midpoint and top of the vial were analyzed periodically by XRD to confirm the

presence of only the o polymorph

50 °C experienced the most particle growth, attributed to
higher particle kinetic energy promoting collisions and
resulting in aggregation [45]. In contrast, Souto et al. [30]
reported more extensive growth at low (4 °C) versus high
(20 °C) temperatures for tripalmitin SLP stabilized with
Tyloxapol (a non-ionic stabilizer) over a 3-month period,
although all samples remained in the nanometer range.

In terms of polymorphic changes, only o was observed
in the 0.0% P188 SLP throughout storage at 4 °C. At
20 °C, however, these samples began to transition by 30
days and, by day 240, only the f§ polymorph was present.
This is consistent with the greater destabilization observed
at 20 versus 4 °C, in terms of D, 3 increases. Very similar
behavior was observed for the 1.0% P188 samples at 4 and
20 °C. In contrast, the 5.0% P188 SLP existed in the f
polymorph from day O (the o to f§ transition initiating
around 3 h after production, Fig. 4a). There were no dif-
ferences for the 5.0% P188 SLP in terms of T}, during the
investigated period at either 4 or 20 °C (data not shown,
P > 0.05) and particle growth was not observed.

The possibility of supercooling and incomplete crystal-
lization was considered in light of the data in Table 4.
Melting enthalpies were compared at 4 versus 20 °C and at
0, 7, 30 and 240 days storage for the 5.0% P188 SLP since
only the f polymorph was observed (according to DSC,
there was a very small o event initially, i.e. AH,, =
0.1 g~ '). At day 0, AH,, for the f§ phase (i.e. AH,,p) was
19.4 +£ 0.8 T g~'. By day 7, AH,p had increased signifi-
cantly to 26.7 + 2.6 and 25.9 + 2.2 J g~ " at 4 and 20 °C,
respectively (P > 0.05). There were no further increases in

&\ Springer ANOCS &

AH,p at days 30 or 240 at either temperature (P > 0.05).
Therefore, significant increases in the apparent degree of
crystallinity were observed for the 5.0% P188 SLP at both
4 and 20 °C within 1 week, although differences between 4
and 20 °C were not observed. The SLP were initially
crystallized at 22 °C for 24 h prior to storage at either 4 or
20 °C. The solid fat content (SFC) of the bulk CaSt at 4
and 20 °C was 98.9 £ 0.0 and 99.0 £ 0.1% (P > 0.05),
respectively, indicating nearly complete crystallization of
the lipid droplets at both storage temperatures. Therefore,
the degree of supercooling at 4 and 20 °C is expected to
be similar. Different behavior was indicated for the 0%
P188 SLP where supercooling was not indicated by com-
paring AH,,,, of the bulk CaSt versus the dispersed SLP at
day O (Table 2). Supercooling in the P188-containing SLP
is expected based on the decreased droplet size.

In some SLP systems, transitions to the f§ polymorph
have been associated with aggregation, compound expul-
sion and increased oxidative susceptibility related to
increases in surface area [12]. However, there may be
opportunities for SLP which exist from very early on in the
f polymorph, as long as encapsulation is still permitted.
The small diameter, monomodal distribution and absence
of aggregation in the 5.0% P188 10% CaSt SLP are all
promising factors. Further research is required to determine
if encapsulation within the densely packed f polymorph
crystalline lattice is possible and, in general, to relate
compositional effects with particle properties and encap-
sulation and release potential to enable the widespread use
of SLP.
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