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Abstract

Solid lipid nanoparticles (SLN) were produced loaded with cyclosporine A in order to develop an improved oral formulation. In this
study, the particles were characterized with regard to the structure of the lipid particle matrix, being a determining factor for mode of
drug incorporation and drug release. Differential scanning calorimetry (DSC) and wide-angle X-ray scattering (WAXS) measurements
were employed for the analysis of the polymorphic modifications and mode of drug incorporation. Particles were produced using
Imwitor�900 as lipid matrix (the suspension consisted of 10% particles, 8% Imwitor�900, 2% cyclosporine A), 2.5% Tagat S, 0.5%
sodium cholate and 87% water. DSC and WAXS were used to analyse bulk lipid, bulk drug, drug incorporated in the bulk and unloaded
and drug-loaded SLN dispersions. The processing of the bulk lipid into nanoparticles was accompanied by a polymorphic transforma-
tion from the b to the a-modification. After production, the drug-free SLN dispersions converted back to b-modification, while the
drug-loaded SLN stayed primarily in a-modification. After incorporation of cyclosporine A into SLN, the peptide lost its crystalline
character. Based on WAXS data, it could be concluded that cyclosporine is molecularly dispersed in between the fatty acid chains of
the liquid-crystalline a-modification fraction of the loaded SLN.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lipid nanoparticles with a solid matrix, such as solid
lipid nanoparticles (SLN�), are an alternative nanopartic-
ulate carrier system to polymeric nanoparticles, liposomes
and o/w emulsions [1–4]. Aqueous SLN dispersions are
composed of a lipid which is solid both at body and room
temperature, being stabilized by a suitable surfactant. With
regard to developing commercial products for the patient,
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SLN possess distinct advantages compared to other carri-
ers, e.g., polymeric nanoparticles. Especially for topical
and oral administration, all lipids can be used as matrix
material, which are currently in use for creams, ointments,
tablets, and capsule formulations including the long list of
different surfactants/stabilizers employed in these tradi-
tional formulations. Thus, there is no problem with the reg-
ulatory accepted status of excipients [5–7].

For the production of SLN, different methods can be
used such as high pressure homogenization [3,6,8–10],
microemulsion technology [11–13], solvent evaporation
[14,15] and solvent diffusion methods [16,17]. Large indus-
trial scale production – a fundamental prerequisite for
introducing a product to the market – is easily possible
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when employing high pressure homogenization [18,19].
Existing industrial production lines used for the production
of parenteral o/w emulsions can also be used for lipid
nanoparticle production [4]. These production lines are
temperature controlled, which is required for production
of the lipid nanoparticles at elevated temperature. The
aqueous lipid nanoparticle dispersions can be transferred
to dry oral dosage forms, e.g., pellets [20]. As in any solid
particulate carrier, the release of drugs from lipid nanopar-
ticles can be modulated in order to optimize their blood
levels [21]. These features together make lipid nanoparticles
an interesting carrier system for optimized oral delivery of
drugs.

In this study, SLN were chosen to develop an optimized
formulation for cyclosporine (CycA), intended for oral
administration of this protein. The low oral bioavailability
of CycA is due to its low solubility in water (0.02 mg/ml at
25 �C [22]) and additionally it is a substrate of P-glycopro-
tein [23]. To increase the solubility and subsequently
improve absorption, CycA was administered orally dis-
solved in a mixture of corn oil and ethanol in the product
Sandimmun� capsules [24,25]. This formulation shows
pronounced variations in bioavailability from 10% to
60%, due to differences in the dispersion of the oil in the
gut, to more or less finely dispersed oil droplets. The bio-
availability was highly dependent on the emulsifying com-
pounds in the gut, i.e., bile salts [24]. The second generation
product Sandimmun� microemulsion avoided this prob-
lem. After dilution with water in the stomach the micro-
emulsion breaks, i.e., it transforms to an ultrafine o/w
emulsion thus eliminating the problem of mechanical dis-
persion. However, because emulsions do not provide the
possibility of prolonged release, an initial plasma peak
above 1000 ng/ml occurs. This peak is highly responsible
for potential nephrotoxicity [25]. To obtain the same repro-
ducible blood profile as the microemulsion, a new
approach is the administration of an ultrafine lipid disper-
sion (aqueous SLN dispersion), possessing simultaneously
controlled release properties due to a solid matrix.

The first step of developing such carrier systems is the
preparation of an aqueous SLN dispersion with a suffi-
ciently high loading capacity for CycA. Considering the
single doses of 100–200 mg, the loading capacity calculated
on the particle mass (lipid + CycA) should be 20% to keep
the volume of the final oral formulation (tablet) within an
acceptable range. Imwitor�900 was identified as lipid
matrix showing sufficient incorporation capability. In pre-
vious studies the entrapment efficiency of CycA within
these SLN was found to be 96.1% [26].

Drugs can be incorporated differently into the lipid
matrix, e.g., molecularly dispersed (solid solution) [27] or
in form of amorphous clusters or definite particles, e.g.,
magnetites [28]. In case of a solid solution, theoretically
drugs can be localized in between fatty acid chains or the
lamellae of the lipids. This paper investigates the mode of
incorporation of CycA into the SLN for better understand-
ing of the delivery system.
2. Materials and methods

2.1. Materials

Cyclosporine (CycA) was a gift from the company Phar-
matec (Milan, Italy). The solid lipid Imwitor�900 (glycerol
monostearate 40–50%) was purchased from Cognis (Dus-
seldorf, Germany). The emulsifiers Tagat�S (polyoxyethyl-
ene glycerol monosteatate) and sodium cholate were
obtained from Goldschmidt (Essen, Germany) and Sigma
(Deisenhofen, Germany), respectively. Water was collected
by the MilliQ system Millipore (Schwalbach, Germany).

2.2. Methods

To access the maximum loading capacity of SLN for
CycA physical mixtures composed solely of drug and lipid
have been prepared by melting the Imwitor�900 and add-
ing from 5% up to a maximum of 30% of peptide. These
mixtures have been further analysed by differential scan-
ning calorimetry (DSC) and wide-angle X-ray scattering
(WAXS).

For the preparation of CycA-loaded SLN dispersions, a
lipid phase composed of 2.0% (m/m) of drug and 8.0% (m/m)
of Imwitor�900 was melted at approximately 5–10 �C
above the melting point of the lipid (56–61 �C). The
obtained melted phase was dispersed in an aqueous surfac-
tant solution containing 2.5% (m/m) Tagat�S and 0.5% (m/m)
sodium cholate heated at the same temperature. The final
formulation contained consequently 87% water, 10% lipid
phase (8% lipid plus 2% drug) and 3% surfactant mixture.
The dispersion was performed by high speed stirring using
an Ultra-Turrax (Jahnke & Kunkel, Staufen, Germany) for
1 min at 8000 rpm. The obtained pre-emulsion was homog-
enized at the temperature of the melt using a Micron LAB
40 (APV Homogenizers, Unna, Germany) applying
500 bar and three homogenization cycles.

Photon correlation spectroscopy (PCS), performed
using a Zetasizer IV (Malvern Instruments, Malvern,
United Kingdom), was used to assess the mean particle size
(z-Ave, z-average) and the polydispersity index (PI). Laser
diffractometry (LD) was employed to measure larger sized
particles, i.e., outside the measuring range of PCS (>3 lm)
using a Coulter LS 230 (Beckmann Coulter Counter, Kiel,
Germany).

Differential scanning calorimetry (DSC) analysis was
performed by a Mettler DSC 821e (Mettler Toledo, Gießen,
Germany). DSC scans were recorded at a heating and cool-
ing rate of 5 K/min. The samples were weighted in 40 ll
aluminium pans and heated from 20 �C up to 85 �C, kept
for 15 min at 85 �C, cooled down to 20 �C, kept at 20 �C
for 16 min, reheated again up to 150 �C and cooled down
again to 20 �C.

Wide-angle X-ray scattering (WAXS) measurements
were carried out with a Nonius PDS120 powder diffracto-
meter by transmission geometry. A FR590 generator was
used as the source for Cu Ka radiation (k = 0.15418 nm),
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monochromatization of the primary beam was achieved by
means of a curved Ge crystal and the scattered radiation
was measured with a Nonius CPS120 position sensitive
detector. The resolution of this detector in 2h was 0.018�,
being the scattering vector defined as s = (2/k) sinh.

3. Results and discussion

3.1. Characterization of bulk lipid and drug

An important parameter affecting drug incorporation is
the polymorphic modification of the lipid particle matrix.
In general, the production process of the nanoparticles
can change the type of modification of their respective frac-
tion. The bulk lipid Imwitor�900 was analysed by DSC
(Fig. 1). Table 1 shows the corresponding DSC data.

The first heating curve revealed an onset temperature of
58.1 �C, corresponding to the b 0-modification of Imwi-
tor�900 [29]. To produce SLN, the lipid is melted, the drug
dissolved in the melted lipid and then this drug-containing
melt is dispersed in a hot surfactant solution to yield a pre-
emulsion. This pre-emulsion is homogenized to obtain a
hot o/w nanoemulsion. Cooling leads to crystallization of
the lipid and formation of SLN. This process means that,
when analysing the SLN by DSC, the lipid has been melted
before (drug dissolution process), i.e., DSC analysis
of the SLN is a second melting process. Therefore, the bulk
Imwitor�900 was heated a second time in the DSC (Fig. 1).
The onset temperature was reduced from 58.1 �C to
53.4 �C corresponding to the a-modification of Imwi-
tor�900 [30]. The melting enthalpy of the second heating
curve is reduced, partially attributed to the fact that after
16 min of isotherm phase at 20 �C obviously the lipid was
not yet fully crystallized. Little difference was seen between
the two cooling curves (B and D, Fig. 1).
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Fig. 1. DSC thermogram of bulk Imwitor�900. The sample was heated twice (A
min. The profile was: first heating phase 20–85 �C, 15 min isotherm at 85 �C, fir
20–150 �C, second cooling phase 150–20 �C.
The DSC analysis of CycA revealed a melting with a
maximum at 117 �C and an onset around 110 �C when
applying a heating rate of 5 K/min (Fig. 2). The heat
flow is less than 1 mW. Characteristic melts for CycA
are reported at 190 �C for an orthorhombic crystal form
and around 110 �C for a tetragonal form [31]. Therefore,
the DSC trace is indicative for CycA present in a partial
tetragonal crystalline form. The melting transition was
broadened and shifted in the range 130–150 �C when
applying a high heating rate of 25 K/min as expected.
But surprisingly no melt was found in the second heating
curve. The CycA is obviously not able to crystallize at
this high cooling rate. It may be then either frozen in
a liquid-like state (amorphous) or frozen in a thermo-
tropic liquid-crystal state as it was reported for spray-
dried CycA [31].

In the next development step of the SLN preparation
physical mixtures of CycA and lipid were prepared con-
taining 5% up to a maximum of 30% of drug. Bulk Imw-
itor�900 was used as reference. Based on the production
process, the physical mixtures were heated to 85 �C to
give CycA the possibility to dissolve to its maximum sol-
ubility, then the mixtures were cooled in order to re-crys-
tallize. This procedure imitates the production process of
the SLN. Then the mixtures were heated a second time.
This heating curve corresponds now to the heating of the
produced SLN. DSC analytical parameters were identical
to the ones in Fig. 1. As shown in Fig. 1, after first heat-
ing the bulk Imwitor�900 transfers to the a-modification
(Fig. 3). Distortion of the crystal lattice of Imwitor�900
increases with increasing CycA concentration leading to
a reduction of onset temperature and melting peak.
The decrease in these two temperatures indicates that
CycA is obviously dissolved at each concentration. Note
that CycA concentration is 20% (m/m) and higher
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st cooling phase 85–20 �C, 16 min isotherm at 20 �C, second heating phase



Table 1
Onset temperature, melting point (=peak maximum) and melting enthalpy of Imwitor�900 bulk material from Fig. 1

DSC parameters First heating curve Second heating curve First cooling curve Second cooling curve

Onset temperature (�C) 58.1 53.4 57.2 57.2
Peak maximum (�C) 61.1 59.2 56.5/52.4 56.3/52.2
Melting enthalpy (J/g) 164.3 121.0 �120.6 �119.7
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Fig. 2. DSC analysis of bulk CycA applying a heating rate of 5 K/min from 25 �C to 200 �C.
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Fig. 3. DSC analysis (second heating curves) of mixtures of lipid with increasing CycA content from 5% to 30%. Bulk Imwitor�900 was used as reference.
DSC analytical parameters were identical to Fig. 1.

538 R.H. Müller et al. / European Journal of Pharmaceutics and Biopharmaceutics 68 (2008) 535–544
amounts will lead to the formation of a second melting
peak at 53.4 �C (Fig. 3). A potential explanation is an
inhomogeneous drug distribution in the lipid matrix
due to formation of domains containing different
amounts of CycA. Table 2 shows the calculated data.
The measured melting enthalpy was not related to the
total weight of the sample but to the weight of the lipid
(i.e., in case the sample contained 10% CycA, the melting
enthalpy was calculated relating to 90% lipid in the
sample).
The calculated melting enthalpy of the lipid fraction in
the mixtures (116.7–119.0 J/g) shows little difference to
the melting enthalpy of the bulk Imwitor�900 (121.0 J/g).
Based on this, all mixtures are preferentially in the a-mod-
ification with an onset temperature 653.4 �C. Drug con-
centrations above 20% lead to a further reduction of the
onset temperature. Taking into account that the lipid par-
ticle matrix should be definitively in the solid state around
body temperature, it was decided to take a loading of 20%
CycA for preparing the drug-loaded SLN.



Table 2
Onset temperature, melting point (=peak maximum) and melting enthalpy of the second heating curves of lipid–CycA mixtures with increasing drug
content from 0% to 30% (enthalpy calculated related to the total particle mass)

DSC parameters 0% 5% 10% 15% 20% 25% 30%

Onset temperature (�C) 53.4 52.1 49.7 49.3 48.1 47.1 45.2
Peak maximum (�C) 59.2 59.2 58.4 58.4 56.3 55.3 54.5
Melting enthalpy (J/g) 121.0 118.9 117.4 119.1 121.5 117.9 116.7
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Fig. 4. WAXS analysis of CycA before (lower) and after (upper) tempering at 85 �C for 1 h. The incubation process at 85 �C resembles the heating process
of CycA for dissolution in the melted lipid during the SLN production process.
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3.2. X-ray analysis of bulk lipid and drug

Fig. 4 shows the WAXS diagram of CycA before and
after tempering at 85 �C for 1 h. Maintaining CycA at
85 �C should imitate the heating procedure during the pro-
duction of the SLN. To make potential changes more easily
detectable, a heat exposure period of 1 h was selected being
approximately five times longer than the heat exposure
during the production process. CycA showed two broad
reflections with maxima at 7� and 17�, respectively, which
are typical for the frozen thermotropic liquid-crystal form
of CycA [31] (Fig. 4, lower). In addition, the diagram
shows sharp reflections with positions and intensity ratios
that are consistent with the tetragonal crystal form of
CycA [31]. Tempering for 1 h reduces the crystalline frac-
tion in the CycA, the peaks are less pronounced and the
intensity of the broad reflections increases corresponding
to an increasing amount of CycA in its liquid-crystalline
form (Fig. 4, upper).

WAXS analysis was employed to investigate the lamel-
lae arrangement of the lipid molecules and the crystallinity
of the fatty acid chains in the acylglycerols of Imwitor�900
(palmitic and stearic acids). Imwitor�900 is a mixture of
mono-, di- and triacylglycerols. Due to the differences in
the chain length of the two fatty acids and three hydroxyl
groups of glycerol, formation of b 0-modification takes
place. WAXS analysis of Imwitor�900 was performed
without pre-treatment (Fig. 5, lower) and after tempering
the lipid at 85 �C for 1 h (Fig. 5, middle). This imitates
heating of the lipid for dissolution of CycA during the
SLN production process. Analysis was performed after
storage of the tempered lipid for 24 h. Finally, the physical
mixture of 80% Imwitor�900 and 20% CycA was melted at
85 �C to dissolve the CycA in the lipid. The mixture was
re-crystallized and analysed after 24 h storage at room tem-
perature (Fig. 5, upper). The detected scattering intensity
was plotted as a function of the scattering vector s (posi-
tions of the maxima, marked in Fig. 5, are given in Tables
3 and 4).

The periodic arrangement of the lipid lamellae leads to
equidistant maxima of the scattering vectors in the range
from s = 0.18 nm�1 to 1.00 nm�1. The scattering pattern
in the range 2–3 nm�1 allows conclusions regarding the
arrangement of the alkyl chains. Crystalline side chains in
b-modification of Imwitor�900 lead to multiple scattering
reflexes, the liquid-crystalline a-modification creates only
a single scattering reflex [18].

Fig. 5 clearly shows the differences between the bulk
Imwitor�900 before and after incubation at 85 �C and
incorporation of 20% CycA, respectively. The distance of
the lipid lamellae can be calculated from the peaks *1 to
*4. The scattering peaks around peak *5 allow the identifi-
cation of the modification. The lipid modification can be
identified based on three criteria of the X-ray diffraction
patterns when plotting the intensity versus the scattering
vector s [32]:

1. A modification with a single scattering reflex of the lipid
side chains of the glycerol at a Bragg distance of
0.415 nm is called a-modification.

2. A modification with two reflexes at Bragg distances of
0.389 nm and 0.420 nm is called b 0-modification.

3. A modification which does not fulfil the above criteria is
called b-modification.

Table 3 lists the reflex positions and the corresponding
Bragg spacings from Fig. 5. All three samples display equi-
distance peaks *1–*4 indicating a lamellae structure. Tem-



Fig. 5. WAXS diagrams of the bulk Imwitor�900 before tempering (b 0-modification, lower), tempered Imwitor�900 for 1 h at 85 �C and analysed after
24 h storage at room temperature (a-modification, middle), and of Imwitor�900 loaded with 20% CycA by dissolving the drug in the melted lipid matrix at
85 �C, analysed after 24 h storage at room temperature (a-modification, upper) (*1–*4 – detection of periodic structures of the lipid lamellae; *5 – scattering
peak range to identify the lipid modification).

Table 3
Position of the reflex maxima (*1–*4) and Bragg spacings (d) from Fig. 5, i.e., bulk lipid Imwitor�900 before tempering, after tempering Imwitor�900 for
1 h at 85 �C, and of 20% CycA-loaded Imwitor�900

Parameters *1 *2 (�2· *1) *3 (�3· *1) *4 (�4· *1) *5

Imwitor 900 before tempering
smax [nm�1] 0.195 0.400 0.600 0.810 2.20/2.30

2.40/2.60

Bragg spacings [nm] 5.13 5.13 5.13 5.13 0.45/0.44
0.42/0.38

Imwitor 900 after tempering
smax [nm�1] 0.183 0.360 0.550 0.720 2.42
Bragg spacings [nm] 5.46 5.46 5.46 5.46 0.413

Imwitor 900 containing 20% cyclosporine A
smax [nm�1] 0.183 0.360 0.570 0.720 2.42
Bragg spacings [nm] 5.46 5.46 5.46 5.46 0.413

Table 4
Summary of crystallinity characteristics from Fig. 5

Imwitor�900 Before tempering After tempering Containing 20% CycA

Bragg spacing [nm] 5.13 5.46 5.46
Crystalline system b0-modification (highly crystalline) a-modification (less crystalline) a-modification (less crystalline)
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pering of the lipid, or incorporation of CycA in the lipid
(Fig. 5, middle and upper), leads to an increase of the long
period by 0.3 nm and a drastic decrease in side chain crys-
tallinity. The increase in the long period of the lipid matrix
from 0.514 nm to 0.546 nm (*1) indicates a lower ordering
of the lamellar structure.

As shown by the d of the bulk Imwitor�900 in Table 3
(*5), the detection of sharp reflections in the range of
s = 2 nm�1 to 3 nm�1 correspond to a high side chain crys-
tallinity (after Hernqvist b- or b 0-modification). Tempering
of Imwitor�900 or incorporation of CycA leads to a
reduced crystallinity of the side chains proven by the detec-
tion of a single scattering peak at d = 4.13 Å (ideally after
Hernqvist being 0.415 nm). The lipid is in a-modification,
the fatty acid chains can rotate around their axis. The inter-
molecular order between the fatty acid chains is very low
(liquid-like). Table 4 summarizes the crystallinity criteria
deduced from Fig. 5. In general, it can be concluded that
the X-ray data confirm the modifications as determined
on the basis of melting temperature and melting enthalpy
from DSC analysis.

The d increased after tempering of the bulk lipid and
also after incorporation of CycA into the bulk lipid. How-
ever, there is no difference in the lamellar spacings between
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Fig. 6. Model of CycA incorporation in Imwitor�900: incorporation in between the fatty acid chains in parallel direction, no localization in between the
lipid lamellae (structure derived from bulk lipid).
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tempered lipid and CycA-loaded lipid. Based on this, the
drug can only be incorporated in between the fatty acid
chains of the a-modification of the lipid. A d of 0.546 nm
allows theoretically incorporation of the CycA molecule
parallel to the fatty acid chain. The size of the CycA mol-
ecule can be derived from the crystal data published by
Hassan and Al-Yahya [33], considering the volume of the
drug crystal of 1.974 nm3, a tetragonal system with side
lengths of a = b � 0.87 nm and c � 2.61 nm can be derived.
Considering the length of the molecule, CycA can be easily
incorporated in the fatty acid side chains of the lipid lamel-
lae, which has a long period of 5.46 nm.

A phase separation in domains of CycA and domains of
Imwitor�900 can be excluded. Such phase separation
would have let to the detection of CycA crystal peaks.
However, after incorporation of 20% CycA in Imwi-
tor�900 no crystalline peaks were detected (Fig. 5, upper)
as can be clearly seen in the scattering of the partially crys-
talline CycA (Fig. 4, lower and upper). Consequently,
CycA is molecularly dissolved in the lipid matrix and does
not re-crystallize after cooling of the CycA-Imwitor blend.
Based on these assumptions, the model of CycA incorpora-
tion into SLN was developed as shown in Fig. 6.
3.3. Characterization of drug-free SLN dispersions

The drug-free SLN had a z-Ave diameter of 143 nm, PI
of 0.220 and a LD diameter 95% of 0.790 lm. The produc-
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The scattering peaks *1–*4 are the typical scattering peaks for a b 0-modificatio
water being present in the dispersion.
tion of SLN from bulk lipid can cause a change in the lipid
modification. As already shown for the bulk lipid, the heat-
ing process can lead to a higher energy modification, in this
case a-modification. The size of the lipid matrix can also
affect the crystallization process. For example, it is known
that very small melted lipid droplets show a delay in re-
crystallization. Very often they form supercooled melts
[27,34,35]. Such lipid particle dispersion exhibiting a super-
cooled melt at room temperature can be transferred to a
crystalline structure by reducing the temperature, e.g.,
replacing the suspension in the fridge. The melting temper-
ature of the lipid is also affected by the particle size. A melt-
ing point reduction occurs according to the Thompson
equation [36]. In order to differentiate between the actual
effect of the SLN production process and the effect of the
CycA, first drug-free aqueous SLN dispersions were pre-
pared. The composition was 10% Imwitor�900, 2.5%
Tagat�S, 0.5% sodium cholate and water.

From the DSC analysis of the bulk Imwitor�900 and of
the aqueous 10% drug-free SLN suspension, the onset tem-
perature was reduced from 58.1 �C (bulk) to 51.1 �C, the
peak temperature from 61.1 �C to 57.5 �C and the calcu-
lated melting enthalpies from 164.3 J/g (bulk) to only
90.6 J/g. These results indicate that the lipid changed from
b 0-modification in the bulk, to the a-modification in the
SLN (data not shown).

Fig. 7 shows the X-ray diffraction patterns of the drug-
free SLN dispersion versus bulk Imwitor�900. The bulk
40

eta
25 30 35 

2 *3
*4

2

*3 *4

ug-free Imwitor 900 SLN dispersion (analysed one day after preparation).
n. The broad reflection with a maximum around 2h = 28� is caused by the
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lipid shows the well-known scattering peaks *1–*4 typical
for b 0-modification. However, these peaks can also still
be detected in the X-ray pattern of the dispersion, indicat-
ing that there is still b-modification present. Combining the
DSC and the X-ray data, it can be concluded that a frac-
tion of the lipid is in the a-modification (lower melting
enthalpy) and another part is present in the b 0-modifica-
tion. This part was not detected by DSC, which can be
explained by the superposition with the melting point
reduction, as described in the Thompson equation. A
slightly increasing fraction of b 0-modification occurs when
storing, for example, CycA-loaded SLN dispersions under
certain conditions (e.g., 40 �C), which can also then be
detected by DSC.

The very broad reflection with a maximum around
2h = 28� of the scattering diagram of the SLN dispersion
in Fig. 9 is caused by the presence of water in the sample.
Evaporation of water and analysis of dry SLN does not
appear sensible because water evaporation might initiate
crystalline changes. Therefore, the SLN dispersion was
analysed in its original composition.
Table 5
Onset temperature, melting point (=peak maximum) and melting enthalpy
of the SLN dispersions and bulk Imwitor�900 from Fig. 8

DSC parameters Imwitor�900
(bulk material)

CycA-loaded SLN

0% 10% 15% 20%

Onset temperature (�C) 58.1 51.1 51.2 50.2 49.5
Peak maximum (�C) 61.1 57.5 56.9 56.4 56.1
Melting enthalpy (J/g) 164.3 90.6 89.2 89.9 86.3
3.4. Characterization of CycA-loaded SLN dispersions

SLN dispersions loaded with 10%, 15% and 20% CycA
were prepared (CycA content calculated in the relation to
the total particle matrix) (lipid + CycA). DSC analysis
was performed with the heating rate of 5 K/min and a sam-
ple weight of 20 mg in standard aluminium pans over a
temperature range of 20–85 �C (Fig. 8). A sample weight
of 20 mg was selected which corresponds to 2 mg lipid in
case of the investigated 10% particle dispersion. References
are the bulk Imwitor�900 (Fig. 8, lower) and drug-free
Imwitor�900 SLN dispersion. The DSC diagrams show a
distinct shift of the peak to lower temperatures whereas a
large difference between bulk lipid and SLN dispersions
occurs, but less differences between drug-free SLN and
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Fig. 8. DSC thermograms of cyclosporine-loaded SLN suspensions containing
drug-free Imwitor�900 SLN dispersion and bulk Imwitor�900 are given as re
drug-loaded SLN dispersions of increasing concentration
up to 20%. Table 5 lists onset temperature, peak tempera-
ture and melting enthalpy. All SLN dispersions possess a
distinctly reduced melting enthalpy compared to the bulk
lipid (around 90 J/g versus 164 J/g). This result indicates
the presence of at least a very large fraction of a-modifica-
tion, in contrast to the b 0-modification of the bulk lipid. In
addition, CycA-loaded SLN dispersions were also analysed
by WAXS. The previous section had shown that conclu-
sions about the lipid modification cannot necessarily solely
be drawn from DSC data. DSC analysis of drug-free SLN
dispersions supported an a-modification. X-ray analysis
proved also the existence/co-existence of the b 0-
modification.

The WAXS scattering pattern of the SLN dispersion
loaded with 20% CycA (Fig. 9, upper) indicates an a-mod-
ification of the fatty acid chains (peak *5) confirming the
DSC results. It is a liquid-crystalline modification with
low intermolecular binding forces in between the fatty acid
chains, a high mobility of the chains allowing the incorpo-
ration of the CycA molecule in parallel to the chains. As a
comparison, the scattering pattern of the drug-free SLN
dispersion is plotted. The pattern shows weak but clearly
visible scattering peaks of the b-modification (*1–*4) occur-
ring already one day after preparation of the particles. This
contradicts the conclusions made only on DSC data sup-
porting the presence of pure a-modification in drug-free
SLN dispersions.
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Fig. 9. WAXS scattering patterns of CycA-loaded SLN dispersion of 20% of drug in relation to particle mass (upper) and of drug-free SLN dispersion
(lower). Analysis was performed one day after production. *1–*4: typical scattering peaks of b-modification; *5: characteristic scattering peak
of a-modification [27]).
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It is well known that SLN re-crystallize after production
in higher energetic modifications. Depending on the com-
position of the SLN, a very fast transition to lower energy
modification (e.g., b 0 or b) takes place (e.g., in case of tri-
stearin based SLN), partially a very slow transition occurs
and in some cases practically no transition occurs [37,38].
The produced drug-free SLN dispersion shows already
pre-formation of b 0-modification one day after production
(Fig. 9, lower), whereas the CycA-loaded SLN dispersion
shows clearly the absence of such peaks (Fig. 9, upper).
CycA seems to inhibit the transformation of the lipid to
the b 0-modification. This was confirmed by storing the
CycA-loaded SLN over a period of 30 days [39].

A determination of d of the lipid lamellae – as per-
formed for the bulk lipid – could not be realised in case
of the aqueous SLN dispersions. The solid content of
10% in the aqueous surfactant phase limited the resolution
of the WAXS measurements at low detection angle. To
analyse the d a higher resolution X-ray analysis (SAXS)
or synchrotron irradiation would be required [24].

The drug CycA as bulk material is partially amorphous
with a certain crystalline fraction as indicated by the dis-
tinct peaks in the diffraction pattern. The bulk Imwi-
tor�900 possesses a b 0-modification as indicated by the
peaks at scattering angles of about 18–25�. Processing the
lipid to an aqueous SLN dispersion changes the modifica-
tion to a-modification, whereas the drug-free SLN disper-
sion seems to transfer back to b-modification, as
indicated by weak characteristic peaks. In contrast to this,
the CycA-loaded SLN dispersion stays in a-modification,
i.e., no peaks characteristic for the b-modification have
been detected. Upon incorporation into the SLN the drug
CycA loses its crystalline character, the characteristic crys-
talline drug peaks are not detectable anymore in the diffrac-
tion pattern of the SLN dispersion. These data in
combination with the measured d of the bulk material sup-
port incorporation of the drug CycA in molecularly dis-
persed form in between the fatty acid chains of the highly
mobile liquid-crystalline a-modification of the loaded SLN.
4. Conclusions

The drug CycA could be incorporated up to a relatively
high loading of 20% into SLN (calculated related to the
particle matrix, in case of 10% SLN dispersion this corre-
sponds to 2% CycA in the dispersion itself). The CycA
seems to be incorporated in molecularly dispersed form,
i.e., as solid solution. In contrast to an o/w emulsion, the
increased viscosity of the solid particle matrix in combina-
tion with the solid solution character should create a pro-
longed release. Release in vivo will take place by diffusion
from the matrix and simultaneously by degradation of
the lipid matrix by enzymes. Despite basic in vitro studies
of SLN degradation by enzymes [26–28] the effect of the
complex in vivo situation in the gut cannot be simulated,
thus the degradation effect cannot be predicted. Therefore,
a subsequent in vivo study needs to provide answers to
which extent the produced CycA-loaded SLN can avoid
the plasma peak and keep the plasma concentrations
within the therapeutic window. Based on these in vivo

results further optimization of the SLN formulation can
be performed.
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