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Purpose. The effect of spontaneous particle self-assembly into stack-
like structures occurring in dispersions of melt-homogenized tripal-
mitin nanocrystals (solid lipid nanoparticles; SLNs) was studied in
dependence of lipid concentration, stabilizer type, stabilizer concen-
tration, and particle size.

Methods. Tripalmitin nanosuspensions with concentrations ranging
from 20 to 200 mg/g were prepared by high-pressure melt homogeni-
zation. The formulations were characterized by synchrotron small-
angle X-ray scattering (SAXS), photon correlation spectroscopy
(PCS), and freeze-fracture transmission electron microscopy (TEM).
Results. Dispersions of partly self-assembled particles could be de-
rived both with anionic or cationic surfactants. Particle self-
assemblies were observed in such formulations when the tripalmitin
concentration exceeds 40 mg/g. Further increase of the lipid concen-
tration enhances particle self-assembly. The tendency to form self-
assemblies is also influenced by the particle shape. The interparticle
distances in stacked lamellae are determined by the tripalmitin con-
centration and by the surfactant concentration.

Conclusions. Parallel alignment of tripalmitin nanoplatelets is a com-
pletely reversible and concentration-dependent effect that can be at-
tributed to the overlap of the exclusion volumes of the anisometric
particles. The usefulness of this effect might be explored for the
formulation of drug delivery systems.

KEY WORDS: nanoparticles; particle self-assembly; small-angle X-
ray scattering; stacked lamellae; tripalmitin.

INTRODUCTION

Aqueous dispersions of crystalline, tripalmitin nanopar-
ticles (solid lipid nanoparticles; SLNs) are being investigated
as novel carrier systems e.g., for dermal, peroral, and paren-
teral administration of drugs. Such formulations might in-
crease the bioavailability of drugs and enable sustained re-
lease or even site-specific drug delivery (1-3).

To characterize the physical state as well as the size and
shape of dispersed nanosized lipid carriers under in situ con-
ditions, small-angle X-ray scattering (SAXS) has succesfully
been used in different cases (4-7). Recent studies on disper-
sions of platelet-shaped trimyristin and tripalmitin nanopar-
ticles, however, revealed unexpected scattering features in the
small-angle region, which can be interpreted as the first, sec-
ond, third, and so forth, order of a single interference, corre-
sponding to a repeat unit of approximately 35 nm (8). Be-
cause such spacings are too large for triglyceride crystal lattice
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structures, the interference has been attributed to the self-
assembly of particles forming stacked lamellae (8) (Fig. 1).
The existence of such ordered structures was confirmed by
transmission electron microscopy (TEM), and they have been
found to correspond to isolated stacks of up to 10 particles
floating in an isotropic particle dispersion.

In the current study, we investigated in detail the forma-
tion of stacked lamellae in triglyceride formulations by SAXS
and TEM. The formation of stacked lamellae may accelerate
formulation instabilities, such as gelation and particle growth,
and also have an impact on the rheological behavior of the
formulations. It is, therefore, of pharmaceutical relevance to
ascertain the relationship between formulation parameters
and the formation of such stacked lamellae in order to opti-
mize the physical properties of the dispersions in view of
future medical application.

MATERIALS AND METHODS

Triglyceride nanosuspensions were produced by high-
pressure melt homogenization: a mixture of tripalmitin (TP;
Dynasan 116, Condea AG, D-Witten, Germany) and soybean
phospholipid (P; Lipoid S100, Lipoid KG, D-Ludwigshafen,
Germany) was melted at 80°C. Simultaneously, a solution of
sodium glycocholate (GC; Sigma, D-Steinheim, Germany) or
cetylpyridinium chloride (CP; Caesar & Loretz, D-Hilden,
Germany) in purified water containing 22.5 mg/g glycerol was
heated to 80°C. The aqueous solution was added to the lipid,
and a preemulsion was prepared using a high-speed stirring
device (Ultra-Turrax, Jahnke & Kunkel, D-Staufen, Ger-
many). The crude emulsion was subsequently passed through
a heated (85°C) high-pressure homogenizer (Micron Lab 40,
APV Gaulin, D-Liibeck, Germany) usually for four times at
1200 bar and once at 1500 bar. To crystallize the lipid, the
emulsions were allowed to cool to room temperature and
were finally stored in sealed 20-ml vials (7 = 8°C). Details on
the applied sample compositions are displayed in Table I.
Particle concentration increase after manufacturing was
achieved by ultrafiltration using a Millipore stirred cell (Mil-
lipore, D-Eschborn, Germany). Part of the aqueous phase
was separated using a membrane of regenerated cellulose
(molecular mass cutoff: 30,000 Da) applying a pressure of
approximately 2 bar.

Particle size (z-average) and particle size distribution
(polydispersity index) of each formulation were determined
within 1 day after preparation using photon correlation spec-
troscopy (PCS, Zeta Plus, Brookhaven Instruments, Holts-
ville, NY, USA). Dispersions were analyzed after appropriate
dilution with dust-free water, and particle sizes were calcu-
lated applying the cumulant method. Because this algorithm
is based on the assumption of spherical particles, the z-
average values do not represent a real extension of the plate-
let-like particles, but characterize the dispersions by a mass
proportional value of the most frequent particles. Typical z-
averages (polydispersity indices) are 140 nm (0.17) for GC
and 160 nm (0.17) for CP samples.

Determination of the amount of free, not adsorbed, CP
in the aqueous phase of the samples was performed by mea-
suring the light absorption at a wavelength of 259 nm (pho-
tometer DU146, Beckman, D-Krefeld, Germany) after re-
moving the tripalmitin particles by ultrafiltration (method as
described above).
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Fig. 1. Schematic representation of a single stack consisting of five
self-associated tripalmitin nanocrystals (d: length of a repeat unit =
particle thickness plus interparticle distance).

SAXS was performed using the X33 double-focusing
small-angle camera of the European Molecular Biology
Laboratory (EMBL) (9) on the DORIS 111 storage ring of the
Deutsches Elektronensynchrotron (DESY; D-Hamburg,
Germany). Samples of about 100 pl each were filled in a
sample holder, thermostated at 25°C, and positioned in the
beam. Data were recorded in at least 10 independent 1-min
time frames at s-values between 0.02 nm~' and 0.4 nm™! (s =
2 sin 6/\) using a quadrant or linear gas proportional detector
(10) with delay line readout with either a time to digital con-
verter (11) or a module implementing space-time—space con-
version (12).

Electron micrographs were taken using a CEM 902A
transmission electron microscope (Zeiss, D-Oberkochen,
Germany) operating at 80 kV. Samples were frozen as thin
films in liquid propane, freeze fractured at 173 K and 5 x 1076
mbar (BAF400, Bal-Tec, Liechtenstein), and shadowed with
platinum/carbon at 45°. The replicas were mechanically sta-
bilized by vertical deposition of pure carbon.

SAXS-DATA TREATMENT

For each measurement, the patterns of all 1-min time
frames were checked for sample stability, and all time frames
passing this check were averaged. Those raw data were cor-
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rected for detector response using the homogeneous scatter-
ing pattern of an iron foil. Background was subtracted in
order to achieve a horizontal baseline. The abscissa of the
diffraction patterns was scaled using second to eleventh or-
ders of a collagen standard sample (d = 64.5 nm). (Note:
Data treatment was performed using the embl2xy program
available from T. Unruh.)

SAXS patterns of highly concentrated tripalmitin disper-
sion exhibit typically, besides the broadened (001) Bragg re-
flection of the tripalmitin B-modification at s = 0.235 nm™,
several almost equidistant interference maxima at lower s-
values. These maxima are the higher orders of interference
due to the stacked arrangement of platelet-like particles
(stacked lamellae) within the dispersions. Partially, they su-
perimpose on the Bragg reflection resulting in a more or less
strong distortion of this peak.

The scattering pattern thus results from the superposi-
tion of two contributions. The dominating one is that of iso-
lated tripalmitin nanocrystals (Iy-) with a weight fraction
(1 - x) close to unity. The second one corresponds to the
spherically averaged contribution of the weight fraction x of
nanocrystals in stacked lamellae, Ig, , which in first approxi-
mation is the product of the scattering of individual nanocrys-
tals, assumed to be spherical at low resolution, and of an
interference function representing the stacks (.5).

1(s) = (1 = X)Inc(s) + XD n(5)S(s)- M

It should thus in principle be possible to establish the
degree of stack formation from the ratio

1(s)

Tocs) ™ (1-x)+xS(s)=1+x[S(s)-1]
where I(s) is the scattering of the corresponding stack-free
dilution of the same sample.

Two important structural parameters of the stacked la-
mellae should thus be extractable from the scattering curves:
(i) the average of a repeat distance d between the particles’
centers of mass, and (ii) the fraction of self-associated par-
ticles, as described below.

In practice, the ratio in Eq. (2) is too noisy at higher
s-values to apply this procedure with confidence, and another
approach was therefore followed. The experimental SAXS
curves were fitted using Pearson VII functions with a Mar-
quardt-Levenberg least square method (Fig. 2) to determine

@

Table I. Sample Compositions and Homogenization Parameters

Tripalmitin content Lecithin content Costabilizer content Homogenization
(mg/g) (mg/g) (CP or GC) (mg/g) parameters
20 4.8 12,6 4 x 1200 + 1 x 1500 bar
40 9.6 24,6 4 x 1200 + 1 x 1500 bar
60 14.4 3.6, 6 4 x 1200 + 1 x 1500 bar
80 19.2 48,6 4 x 1200 + 1 x 1500 bar
100 24 2,4,6,8,10, 15 4 x 1200 + 1 x 1500 bar
6 5 x 500 bar
5 x 800 bar
4 x 1000 bar
4 x 1500 + 1 x 1600 bar
150 36 6,9 4 x 1200 + 1 x 1500 bar
200 48 6,12 4 x 1200 + 1 x 1500 bar

CP, cetylpyridinium; GC, glycocholate.
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Fig. 2. Background subtracted SAXS pattern of a P/CP-stabilized
dispersion containing 100 mg/g TP. The experimental data were fitted
to a combination of nine refined Pearson VII functions representing
the stack-related interferences and one refined split Pearson VII
function representing the (001)-Bragg reflection. The numbers mark
the order of the corresponding interference maximum. Experimental
data and the least square fit are shifted vertically by 0.15 for better
visualization.

the s-values of the interference maxima due to the stacked
lamellae and separately that of the (001) Bragg reflection.

The d,,-values obtained from the nth order interferences
(d,, = n/s,)) deviate by up to 5 nm from strict equidistance due
to the effect of the underlying scattering of the tripalmitin
nanocrystals. Comparison with the ratio in Eq. (2) in the re-
gion where it is meaningful indicates, however, that the pa-
rameter d = Y,.,,dn/N (M, set of all observable, stack-
related interference maxima; N, number of all observable,
stack-related interference maxima) gives an accurate value
for the spacing.

For the determination of the degree of particle self-
association, proportionality between the experimentally mea-
sured intensity of the stack-related interferences and the total
number of platelets assembled into stacks is assumed. Thus,
we define a relative degree of stack formation (3,,,) as:

_&
e s+ [

where | I is accumulated integrated intensity of all stack-
related interferences and [ I is integrated intensity of the
(001) Bragg reflection of the tripalmitin crystal structure.

For the calculation of the integrated intensity, the refined
peak functions were used. 3,., is, therefore, a semiquantitative
measure for the fraction of platelets organized in stacked la-
mellae. It should be noted that J,,, yields, however, neither
information on the number of stacks in a dispersion nor in-
formation on the number of particles in a single stack.

Because the lowest accessible s-value in the SAXS ex-
periments was 0.02 nm™', the first interference maximum
could not be detected. The missing contribution of this reflec-
tion will lead to deviations in the absolute value of §,,,, but the
error will approximately be proportional to the absolute value
itself.

8 x 100% 3)

RESULTS AND DISCUSSION

In order to study the influence of TP concentration on
the extent of stack formation, a series of seven TP formula-
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tions in the concentration range from 20 to 200 mg/g were
produced following the method described above. In all for-
mulations, a constant ratio TP:P:CP (or TP:P:GC) = 100:24:6
was kept. In Fig. 3, the relative degrees of stack formation, as
derived from SAXS data analysis, are displayed as a function
of TP content. Formulations with 20 and 40 mg/g TP do not
display stack-related interferences (3,,, = 0). For more con-
centrated dispersions (from 60 to 200 mg/g), which all exhibit
the interferences, a linear dependence between TP concen-
tration and 9,,, was found. A second series of dispersions
covering the same concentration range was prepared simply
by dilution of the 200 or 150 mg/g TP formulations with ap-
propriate amounts of aqueous phase. As illustrated in Fig. 3,
these formulations exhibit essentially the same 9, ,-values as
equally concentrated native dispersions. Finally, and as a
third way of adjusting the concentration, the native 20 and 40
mg/g dispersions were concentrated by ultrafiltration to a TP
concentration of about 100 mg/g. After this procedure, the
formulations exhibit stack-related interference patterns, in
contrast to the original dispersions. These experiments clearly
indicate that particle self-assembly does not depend on the
preparation technique. Within experimental error, it is com-
pletely reversible and depends on the concentration of the
disperse phase. Obviously, there exists a threshold of about 40
mg/g TP (or about 50 mg/g total lipid) that has to be exceeded
for inducing a significant stack formation.

Some dispersions were investigated by TEM to visualize
the particle self-assemblies (Figs. 4a and 4b). The images ex-
hibit in each case very thin, polygonal nanocrystals that are
partially assembled into stacked lamellae. The stacks consist
of almost parallely oriented particles with a rather narrow size
distribution. Larger particles appear to have a greater ten-
dency to associate, whereas smaller particles are less fre-
quently found in stacked lamellae. In dispersions of high TP
content, the fraction of particles arranged in stacked lamellae
is obviously higher than in less concentrated samples. This
observation agrees with the results of the SAXS experiments.
The stacks in most samples are sharply defined, compar-
atively small objects with sizes below 500 nm. In 150 and 200
mg/g TP samples, the stacks even form three-dimensional do-
mains.
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Fig. 3. Effect of total lipid concentration and TP concentration on §,,,
in P/CP-stabilized samples with equal TP:P:CP ratio.
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Fig. 4. Freeze-fracture electron micrographs of CP-stabilized TP
nanosuspensions containing (a) 80 mg/g TP and (b) 200 mg/g TP,
respectively.

The observation of local close packing of nanocrystals in
moderately concentrated dispersions leads to the assumption
that steric restrictions of particle movement cause the forma-
tion of stacked lamellae. This effect can be estimated as de-
scribed in the following.

TP nanocrystals are highly anisometric and can roughly
be approximated by flat cylinders. Free rotational movement
of such particles requires a much larger, spherical volume
(exclusion volume) than the actual volume of a particle itself.
The exclusion volume fraction of all suspended particles (¢),
under the condition of D >> h, is given by

sp 1
('PdLSP:gTrD . —rasp _~ ) (4)

@ = Vex : N: VCX
cyl

where V,, is exclusion volume of a single particle, N is num-
ber of particles in a given volume, ¢, is volume fraction of
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the disperse phase, V., is volume of a single particle, D is
particle diameter, and /4 is particle thickness. Adsorption of
the ionic surfactants on the surface of the particles causes
electrostatic repulsion between the platelets and further in-
creases the exclusion volume. This effect can be considered in
Eq. (4) by introducing a correction term leading to Eq. 5 (13):

2D (Y S
‘P_3l’l +D ‘Pdisp ()

with N\, being the Debye screening length (A, =1/k, wher «k o
Hiickel parameter). At a certain critical volume fraction of
the dispersed phase (¢*) the exclusion volumes of the indi-
vidual particles overlap, as the closest packing of spherical
exclusion volumes (74% volume fraction) is reached:

074=22 (14 2) o 6
This critical volume fraction (¢*), in analogy to Ref. 14,
is given by:

. 3\ (h 1
¢o*=0.74 <§> <B> —< 2)\d>' @)
1+—

D

For volume fractions exceeding this threshold, not all
particles can move freely anymore, and, consequently, some
will be forced into a denser arrangement. A further increase
of the particle concentration leads to more stacked particles.
Electrostatic repulsion forces, which distribute evenly over
the particle surfaces, cause the parallel arrangement of the
platelets.

From TEM images, the mean aspect ratio D/h of the
platelets has roughly been estimated to be between 12 and 15
[A = 15 nm (8), 180 = D = 225 nm]. Assuming a \, value of
2 nm, Eq. (7) yields ¢*-values of between 0.07 and 0.09 or
concentrations of disperse phase between 70 and 90 mg/g
[disperse phase: TP plus P, py_7» = 1039 kg:m™>; (15)]. These
values are in fairly good agreement with the threshold derived
from SAXS data analysis (between 50 and 60 mg/g disperse
phase; Fig. 3).

The observation of particle self-assembly and the attri-
bution to an exclusion volume effect is in full agreement with
earlier computer simulations on disk-like hard-core particles
performed by Veerman and Frenkel (16), which predicted the
formation of short columns of platelets in low concentrated
isotropic phases (for D/h = 15 — ¢ < 0.15) and its enhance-
ment at higher particle number densities.

Figure 5 displays background corrected scattering pat-
terns of 100 mg/g TP dispersions stabilized with P and GC.
These formulations have been prepared by applying different
homogenization pressures and vary only in their mean par-
ticle sizes, but not in their composition. Interestingly, the in-
tensities of the stack-related interferences depend signifi-
cantly on the mean particle sizes. The finest dispersion exhib-
its well resolved peaks and the coarsest dispersion almost
none. For D/h = constant and D >> A, Eq. 7 predicts an
almost constant ¢*-value. Therefore, we interpret the effect
as resulting from a size-dependent decrease in the D/h ratio
that consequently will shift the ¢* to values above 100 mg/g
TP. Actually, the scattering patterns of the coarse dispersions
exhibit significantly narrower (001) peaks than the finer dis-
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Fig. 5. Background-subtracted SAXS curves of P/GC-stabilized TP
dispersions (100 mg/g) varying in the mean particle size (PCS z-
average) as indicated. The curves are slightly smoothed and shifted
vertically for better visualization.

persions indicating a strong increase in the particles dimen-
sion perpendicular to the (001) plane (= thickness #). Fur-
thermore, the scattering curves of the 200-nm and the 233-nm
particles exhibit weak shoulders at s = 0.215 nm™?, indicating
residues of the TP a-modification. For such a-TP particles, a
more spherical shape than that observed with B-TP particles
has been described earlier (17).

The influence of costabilizer concentration on stack for-
mation has been examined using a series of five 100 mg/g TP
dispersions stabilized with 24 mg/g P and between 2 and 10
mg/g CP (Fig. 6). Due to the constant TP concentration in all
samples, the 3, ,-values only vary within experimental error,
but the repeat distance d decreases significantly from 52 to 38
nm with increasing CP concentration. Therefore, it seems that
the costabilizer concentration determines the distances be-
tween the self-assembled nanocrystals. In Fig. 7, however, it is
displayed that also at a constant CP concentration (6 mg/g),
the repeat distances change, if only the TP concentration of
the sample is varied. Figure 8 presents the d-values of disper-
sions with similar TP content as in Fig. 7, but with different
CP concentrations. The repeat distances d, likewise, decrease
with increasing TP concentration. Comparison of both dia-
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Fig. 6. Effect of CP concentration and 3,,, and the mean length of a
repeat unit d in native formulations with constant TP concentration
(100 mg/g). Points (O) indicate 3,.values; squares (M) indicate re-
peat units.
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grams yields almost no differences in d for the two dispersions
of equal TP content. It must be assumed, therefore, that in the
last two cases, the costabilizer concentration has only a minor
influence on the interparticle distances, which are, like the
fraction of self-assembled particles, mainly dominated by the
particle concentration. Only in the case of constant particle
content and strongly different concentrations does the influ-
ence of the costabilizer become prominent. The detected de-
crease of d with increasing costabilizer content seems surpris-
ing, as increasing amounts of adsorbed ionic surfactant on the
particles’ surface should enhance interparticle electrostatic
repulsion. Determination of the CP concentration in the dis-
persion medium of such TP/CP systems indicates, however,
not only an increase in the amount of adsorbed surfactant, but
also an increase in the concentration of free CP in an almost
constant ratio of about 99:1. Therefore, a reasonable expla-
nation for the lower d-values might be the enhanced screen-
ing of electrostatic repulsion due to an increasing ionic
strength in the dispersion medium.
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CONCLUSIONS

It has been shown by small-angle X-ray scattering that
the self-assembly of dispersed triglyceride nanocrystals into
stacked lamellae is an entirely reversible and concentration-
dependent process. The phenomenon can be attributed to
steric restrictions of the movement of strongly anisometric
particles. By changing the triglyceride concentration and the
mean particle size, it is possible to control the concentration
of stacked lamellae in a reproducible manner. To some extent
also, the nature and concentration of ionic costabilizers, be-
sides the triglyceride content, influence the interparticle dis-
tances, most notably by electrostatic effects.

No indications were found for accelerated instabilities of
the examined formulations due to particle self-assembly.
With only few exceptions, the dispersions were stable for at
least 2 years. Therefore, stack formation seems not to have a
negative influence on the pharmaceutical quality of triglycer-
ide nanosuspensions.

The use of stacked lamellae as a new type of carrier
system for the administration of drugs has been proposed
earlier (8). The basic idea is to intercalate drug substances in
the interparticle gaps and thus to achieve a protection of the
drug against enzymatic degradation or even a modified re-
lease behavior. The current investigations, however, demon-
strate a rapid dissociation of drug-free stacked lamellae upon
dilution, as would occur upon administration, for example,
into the bloodstream. Nevertheless, in some cases it should be
possible to stabilize stacked lamellae by cross-linking them
via strongly surface-attached macromolecules, such as pep-
tides or nucleic acids, and thus to obtain injectable composite
particles with sizes well below 1 pum.
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