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MATERIALS AND METHODSSolid State NMR Investigations on
Preparation of NanoparticlesNanosized Carrier Systems

The SLN were produced as described previously (7). The
lipid cetylpalmitate used was purchased from Merck (Darms-

Christian Mayer1 and Gerold Lukowski2,3
tadt, Germany) and the o/w-emulsifier Plantacare 2000 was
provided by Henkel (Düsseldorf, Germany). The melted lipid
was added to a mixture of twice distilled water and the surfactant

Received September 10, 1999; accepted January 7, 2000 Plantacare 2000. The mixture was stirred for 1 min with an
KEY WORDS: Solid Lipid Nanoparticles; nuclear magnetic reso- Ultra-Turrax K18 (Jahnke and Kunkel GmbH, Staufen, Ger-
nance (NMR); magic angle spinning (MAS); lineshape analysis; parti- many) at 9500 rpm. The preformulation was prepared by high
cle dynamics; rotational diffusion. pressure homogenization using a Micron LAB 40 homogenizer

(APV Homogeniser GmbH, Lübeck, Germany).

INTRODUCTION
NMR Experiments and Analysis of Spectra

Nanosized drug delivery systems have been introduced in The aqueous suspension of solid lipid nanoparticles could
order to improve therapeutic efficacy by enabling controlled be used without further preparation. It was filled into a 10 mm
drug release, drug targeting or prolongation of circulation time. sample rotor which, had to be sealed tightly to avoid leakage of
The development of nanoparticular carriers presents a variety the liquid contents. The rotor was transferred into a commercial

double-resonance MAS probe of an ASX 400 spectrometerof challenges with regard to their comprehensive and time
(Bruker, Karlsruhe) and spun at an angle of 52.58 (2.28 deviationresolved analysis. A promising option is represented by nuclear
from the magic angle) and at a frequency of 1660 Hz. Themagnetic resonance spectroscopy (NMR). The high resolution
applied pulse sequence consisted of a simple p/2-pulse (100.6variety of this method is well known for its utility in the elucida-
MHz for 13C) of 7 ms duration followed by an acquisition periodtion of complex chemical structures. On the other hand, wide-
on the 13C-channel under 1H decoupling for the full length ofline NMR spectroscopy is particularly sensitive to the character-
the free induction decay (FID). A total number of 20,000 scansistics of molecular motion. Recently, an approach has been
was acquired at a recycle delay of 4 s and a sweep width ofproposed (1) which combines a residual spectral resolution, in
30 kHz. The FID was Fourier transformed with exponentialmost cases sufficient to allow clear assignments of 13C NMR
line broadening of 10 Hz.signals, with the possibility to perform detailed line shape analy-

The resulting spectral lineshapes were analyzed using ases yielding motional parameters. It is based on off-magic angle
Fortran program for numeric simulation of sample spinningspinning, a variety of the more common method of magic angle
NMR spectra which has been described in detail elsewhere (1).spinning (MAS) NMR spectroscopy, which has been used for
The only adjustable parameter was the tumbling rate of thevarious purposes in previous studies (2–5). A well defined
particles, all other parameters (spinning rate, spinning angle,deviation from the magic angle (54.78) yields a residual line
tensor elements) were known. The correlation time tr for thebroadening. The line broadening reduces spectral resolution to
tumbling of the particles was varied until the best fit of experi-a certain extent but still allows spectral assignments of chemical
mental data was achieved.components, while at the same time line shapes of the corres-

ponding signals reflect dynamic parameters and may be ana-
Photon Correlation Spectroscopy (PCS)lyzed for the mobility of individual components (1). In contrast

to NMR methods which simply differentiate between mobile Particle size distributions were obtained by dynamic light
and immobile contributions, this method gives detailed informa- scattering measurements at a fixed angle of 908 by using a
tion about the mobility of solid and dissolved constituents, Malvern Zetasizer 3000 HS (Malvern Instruments Ltd., Mal-
overall particle sizes, and release processes. An important vern, UK). The samples were prepared with dust-free water.
requirement is the stability of the sample with respect to the An experimental autocorrelation function (EAF) was obtained
inertial field induced by the sample rotation. As an example as a result of the photon scattering spectroscopy. The experimen-
for nanosized drug delivery systems, an aqueous suspension of tal EAF was analysed using the Fortran program CONTIN (8).
solid lipid nanoparticles (SLN), which combine the advantage This program allowed to calculate multimodal size distributions
of low cytotoxicity (6) with the potential for large scale produc- of the nanoparticles. A number distribution was used for the

interpretation of the data.tion was investigated.

RESULTS

The spectral lineshape obtained on solid lipid nanoparticles1 Institute for Physical and Theoretical Chemistry, University of Duis-
in aqueous suspension under off-magic angle sample spinningburg, 47048 Duisburg, Germany.
conditions is shown in Fig. 1. The baseline is distorted due to2 Institute for Pharmacy, E.M. Arndt University, Jahnstr. 17, 17487
the background signal of the probe and the relative intensitiesGreifswald, Germany.
of the peaks are shifted due to incomplete spin-lattice relaxation.3 To whom correspondence should be addressed. (e-mail: lukowski@

mail.uni-greifswald.de) Spinning sidebands, a typical phenomenon for sample spinning
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for regular NMR spectra (9) and was adapted for sample spin-
ning experiments (1). The sample spinning parameters (1660
Hz, 52.58) were determined by the experimental setup. The
tensor elements for the local interaction, the anisotropies of the
chemical shift, were not precisely known, therefore relevant
data from a simple hydrocarbon molecule (n-eicosane) were
used instead (10). With these numbers given, the correlation
time tr for the isotropic rotational diffusion remains the only
variable parameter. A typical result for a systematic variation
of the correlation time (from 15 ms to 15 ms) for the chemical
shift tensor of a methyl group is shown in Fig. 2.

The result summarized in Fig. 3 represents the best matchFig. 1. 13C spectral lineshape obtained on solid lipid nanoparticles in
between simulated and experimental spectra. Similar to theaqueous suspension under off-magic angle sample spinning conditions
experimental spectrum, the contribution of spinning sidebandsand proton decoupling. The rotation axis is tilted at an angle of 52.58

which corresponds to a deviation of 2.28 from the magic angle. The is insignificant. The fit was first optimized for the methyl signal
baseline is distorted due to the background signal of the probe and the C, then the resulting parameters were used to calculate the
relative intensities of the peaks are shifted due to incomplete spin- methylene peaks A and B. The relatively small deviations for
lattice relaxation. Signal A corresponds to the majority of the aliphatic signals A and B support the relevance of the data set, indicating
carbon atoms (methylene groups), signal B to the methylene group a correlation time distribution between 0.1 ms and 1 ms. The
next to the terminal methyl group, and signal C to the terminal methyl
group of each aliphatic chain in the lipid molecule. The spectral line
shapes are determined by scaled interaction tensors and reflect the
characteristics of molecular motion.

spectra, are too weak to be identified. Signal A corresponds to
the majority of the aliphatic carbon atoms (methylene groups),
signal B to the methylene group next to the methyl group, and
signal C to the methyl end group of each aliphatic chain in the
lipid molecule. The spectrum is obtained at 2.28 deviation from
the magic angle which causes all peaks to exhibit characteristic
dynamic line broadening. However, all signals are well resolved
and easy to assign to corresponding peaks of a high resolution
spectrum (not shown). The lineshapes deviate significantly from
simple Gaussian or Lorentzian functions; their overall widths
strongly depend on the carbon position.

Corresponding spectral lineshape simulations were per-
formed based on a numeric algorithm, which has been proposed

Fig. 2. A series of model calculations for the carbon spectrum of
a terminal methyl group numerically derived under variation of the
molecular tumbling rate tr. With slow molecular tumbling rates (long

Fig. 3. Calculated best fits for three characteristic signals A, B and Ccorrelation times tr for isotropic rotational diffusion), the spectra in
front (tr 5 15 ms) reflect the features of a powder pattern for an of the experimental spectrum. The single parameter fit was first opti-

mized for the terminal methyl group C, then the result was used toasymmetric interaction tensor. With increasing rates, these characteris-
tics get lost and an uncharacteristic wide line is obtained. With correla- calculate peak A for the majority of the methylene groups and peak

B for the methylene group next to the terminal methyl group of eachtion times similar to the period of the sample rotation, the signal
amplitudes go through a minimum and spectra become hardly detect- aliphatic chain. The relatively small deviations for signals A and B

support the relevance of the data set which indicates a correlation timeable. Finally, at rapid tumbling, narrow lines are obtained independently
of the velocity of sample rotation (last spectrum, tr 5 15 ms). distribution between 0.1 ms and 1 ms.
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The mobility information obtained by solid state NMR
also represents a valuable tool e.g. for the time resolved observa-
tion of release processes, since any dissolved component gives
rise for a narrow signal which is easily separated from the
original solid state spectrum. The time dependent signal intensit-
ies hereby allows to study the kinetics of the particle desintegra-
tion with respect to every single chemical constituent.

CONCLUSIONS

This particle size analysis represents just an example of
the versatility of the described method. The potential power of
this method goes beyond this application; i.e. it allows for the
determination of the chemical structure of liquid and solidFig. 4 Particle size distributions of the SLN: —calculated from the
components of almost any type of nanoparticles, e. g. polymerphoton correlation spectroscopy data by Contin program (8) ▫ (col-
nanoparticles or liposomes while at the same time providingumns) calculated from rotational correlation times tr as obtained by
information about the mobility of individual chemical constit-solid state NMR. The represented size distributions are number

weighted. uents. It is suitable for time resolved studies, e.g. for the observa-
tion of release processes or thermal degradation of particles.
In combination with spin labeling, the sensitivity of this method
is vastly increased, allowing studies on components present

size analysis by PCS represent the similarity of the particle in low concentrations. These applications are presently under
distribution in the case of number and intensity weighted values. investigation and will be the subjects of future publications.
The distribution is relatively small (Fig. 4).
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