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Summary 

Submicron particles of a model drug, viz., cholesteryl acetate (CA), have been characterized. The particles were prepared by 
precipitation of CA in the dispersed phase of an o/w emulsion stabilized by two different emulsifier systems i.e., (a) a mixture of 
Iecithin and sodium glycocholate and (b) a polyo~ethylene sorbitan fatty acid ester. The particle size has been determined by 
photon correlation spectroscopy (PCS) and transmission electron microscopy (TEM). The average particle size, by number, was 
determined by PCS to be 21-144 nm depending on the emulsifier system used in the particle preparation. The smallest mean 
particle size of 21 nm was achieved with a blend of lecithin and sodium glycocholate. According to TEM pictures, the particles have 
a smooth surface and are spherical, and the majority of the particles seem to be amorphous, exhibiting neither microporosity in the 
particles nor aggregation between the particles. The transition temperature of cholesteryl acetate in the particles prepared with the 
blend of lecithin and sodium glycocholate has been determined by differential scanning calorimetry (DSC). The DSC measure- 
ments indicate that the melting point at 105°C of the cholesteryl acetate partictes prepared with lecithin/sodium glycocholate is 
lower than that of the pure macroscopic cholesteryl acetate crystals which is 116°C. The irreversible transition of cholesteryl acetate 
at about 80°C was not observed in the particle form of cholesteryl acetate prepared with the emulsifier blend of phosphatidyl- 
choline and sodium glycocholate. The suspensions have also been investigated by small angle X-ray scattering (SAXS). The 
cyclohexane residue in the resulting suspensions was below 25 ppm according to analysis by gas chromatography, 

introduction 

Many factors reduce the possibility of achiev- 
ing a satisfactory delivery of lipophilic drug sub- 
stances. Because of their solubili~ properties, it 
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may be impossible to study some lipophilic sub- 
stances in vivo, though they seem to be efficient 
in treating some diseases in studies on the cellu- 
Iar or subcellular level. Drug substances adminis- 
tered parenterally as aqueous solutions must be 
water soluble and stable in biood. The drug sta- 
bility in blood can be critical for substances that 
are metabolized or enzymatically degraded. Fur- 
thermore, some drugs, such as anti-cancer drugs, 
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show harmful effects on normal cells and there- 
fore, a selective delivery of the drug to the malig- 
nant cells is preferred. 

One way of solving these problems is to incor- 
porate the drug substance in particles. It is possi- 
ble by precipitation of the drug substance in the 
dispersed phase of a water continuous emulsion 
@j&Mm et al., 1992a,b), to achieve suspensions 
containing drug particles with a size that is ac- 
ceptable for intravenous administration, i.e., a 
particle size far below 5 ym. Emulsions contain- 
ing large droplets are known to cause adverse 
reactions (Fujita et al., 1971). 

When the drug is injected intravenously in 
particle form, it is possible to obtain a selective or 
targeted drug delivery to specific organs by at- 
tachment for example of a monoclonal antibody 
having receptors on the target-cell antigenes (Il- 
lum et al., 1984; Gupta, 1990). It is also possible 
to achieve a specific uptake of the drug in the 
reticuloendothelia1 system (RES) after intra- 
venous injection by incorporation of the sub- 
stance in a particle, e.g., passive targeting. In 
addition, the particulate form of the drug may 
inhibit the affinity of the drug to serum compo- 
nents and thereby make it possible to achieve a 
reduction in the circulation time of the drug 
substance after intravenous injection, which can 
promote a RES-specific uptake of the drug. 

In this study, cholesteryl acetate was chosen as 
a model substance for the drug. The drug sub- 
stance was dissolved in a non-polar solvent. When 
lecithin was used as emulsifier, it was also added 
to the non-polar solvent. This phase was emulsi- 
fied in an aqueous phase containing a water 
soluble emulsifier, and a stable water-continuous 
emulsion was formed. When the non-polar sol- 
vent was evaporated, the drug substance precipi- 
tated in the dispersed phase of the emulsion 
forming a suspension of submicron particles. In a 
previous study (Sjiistr6m et al., 1992c), particles 
were prepared in lecithin-stabilized o/w emul- 
sions in order to achieve a formulation allowed 
for parenteral administration. In our experi- 
ments, we have produced particles down to a 
mean diameter (by mass> of 25 nm using a blend 
of lecithin and sodium glycocholate (4 : 1, w/w). 
The emulsifiers, lecithin and sodium glyco- 

choIate, are also used in a commercial product 
for parenteral application (Valium@ Novum). In 
this product the lecithin/sodium glycocholate 
forms mixed micelles which act as carriers for the 
lipophilic drug (Westesen, 1988). 

Previous observations indicate that the particle 
size is the same as the emulsion droplet size 
(SjiistrGm et al., 1992b) when the CA concentra- 
tion in the organic phase is close to saturation, 
despite a CA load in the organic solvent of only 
about 2550% (w/w). Thus, there must exist a 
porosity in the particles and hence the particle 
structure is an import~t issue. Depending on the 
way of preparation, the particles may be spheri- 
cal, may contain holes, or may be microporous. 
The solvent residue in the suspensions was anal- 
ysed to see whether or not the particle porosity 
was due to the presence of organic solvent in the 
final particles. 

Another important issue is the crystallinity/ 
amorphism of the CA in particle form. This is 
important for the solubiiity of the particles which 
in turn wili influence the bioavaiIabili~ of the 
drug (Shefter, 1981). It may also be important if 
the purpose is to obtain a slow release of the 
drug. Hence, the partictes were analysed by means 
of crystallinity and amorphism. 

The emulsifier used in the particle preparation 
may also influence the particle structure. The 
precipitation of CA probably starts at the 
oil/water interface since the cyclohexane concen- 
tration is lowest and the CA concentration is 
highest at this part of the oil droplet. The emulsi- 
fier is accumulated at the oil/water interface and 
thus the orientation of the CA molecules and 
thereby the polymo~hism of CA in the final 
particle or the particle morphology may be influ- 
enced by the molecular shape of the emulsifier. 
Two different types of emulsifier systems, a blend 
of soybean phosphatidylcholine and sodium gly- 
cocholate (4: 1, w/w> and a polyoxyethylene sor- 
bitan fatty acid ester were used in the particle 
preparation, the latter emulsifier being included 
as a reference. The presence of liposomes is an 
issue of special interest in the suspensions pre- 
pared with lecithin since liposome structures in 
intravenous emulsions sometimes cause adverse 
side effects (Hajri et al., 1990). 



The aim of this study was to characterize the 
particles prepared in a lecithin-stabilized o/w 
emulsion @jostrom et al., 1992~). The particles 
were characterized in terms of crystallinity/ 
amorphism, morphology and size, and the solvent 
residue in the final suspensions was analysed. 
Particles prepared using a polyoxyethylene sorbi- 
tan fatty acid ester as emulsifier were included 
for comparison. 

Experimental 

Materials 
Cholesteryl acetate (99%, Sigma Chemical Co., 

U.S.A.), cyclohexane pro analysi (Merck AG, 
Germany), deuterium oxide (99.9 atom% D, 
Sigma Chemical Co., U.S.A.), polyoxyethylene 
sorbitan fatty acid ester (Tween 80, ICI, Belgium), 
soybean phosphatidylcholine (Epikuron 200, Lu- 
cas Meyer, Germany) and the sodium salt of 
glycocholic acid, (Sigma Chemical Co., U.S.A.) 
were all used without further purification. 

The water used was purified in a closed system 
as follows: Decalcination and prefiltration, fol- 
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lowed by reverse osmosis, treatment with two 
mixed bed ion exchangers, activated charcoal, 
Organexa and finally a second filtration. The 
purification units were all Millipore products ex- 
cept for the final filtration stage which was a 100 
nm Zetapore filter. 

Methods 
Small steroid particles were prepared by pre- 

cipitation in an o/w emulsion. The method, pre- 
sented in Fig. 1, has previously been described in 
detail (Sjdstrom et al., 1992a,b). The cholesteryl 
acetate (CA) was dissolved in cyclohexane. The 
organic solution was emulsified with an aqueous 
solution to form a water-continuous emulsion. 
The emulsifier concentration was 5% (w/w> cal- 
culated with respect to the non-polar solvent. The 
emulsifiers used were ethoxylated sorbitan ester 
and a blend of soybean phosphatidylcholine (PC) 
and sodium glycocholate (4: 1, w/w>. The ethox- 
ylated sorbitan ester and the sodium glycocholate 
were added to the water phase and the PC was 
added to the non-polar solvent. The emulsifier- 
containing phases were stirred until they ap- 
peared macroscopically homogeneous. The con- 
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Fig. 1. An illustration of the method of preparation of the CA particles by precipitation in the dispersed phase of a 

water-continuous emulsion. The drug is dissolved in an organic solvent. After addition of emulsifier, the solution is emulsified with 

a water solution, thus forming an o/w emulsion. On removal of the organic solvent by evaporation, the drug precipitates and the 

emulsifier adsorbs on the particle surface. 



centration of CA in cyclohexane was 5 and 25% 
(w/w>. The oil/water ratio in the emulsions was 
10 : 00 (w/w). 

The mixture to be emulsified was placed in a 
colloid mill for two minutes at room temperature 
(Ultra-Turrax T18/10, Shaft TPION, Janke & 
Kunkel GmbH & Co, Staufen, Germany) fol- 
lowed by high pressure homogenization under a 
1000 bar pressure drop for about 5 min with the 
systems cooled in an iced water bath (Microflui- 
dizer TM 110, Microfluidizer Co., Newton, MA, 
U.S.A.). The organic solvent in the emulsions was 
removed by evaporation at room temperature in 
a rotavapor flask at a pressure of about 100 mbar. 

The particle size was measured by photon cor- 
relation spectroscopy at a fixed angle of 90”. The 
distribution of mass was used for data presenta- 
tion, (Malvern Autosizer IIc, Malvern Instru- 
ments, Malvern, U.K.). Further studies were per- 
formed at four different angles: 50”, 70”, 90” and 
110“. A commercial ‘multiangle software’ was 
used for multiangle analysis. The mean diameters 
are presented as mass and number distributions 
(Malvern ZetaSizer IIIc, Malvern Instruments, 
Malvern, U.K.). 

For the TEM pictures, the suspensions were 
stored at room temperature for four days prior to 
the preparation of the specimens and then were 
frozen by a slush method in melting propane. The 
suspensions were sandwiched between flat golden 
holders, after which the samples were freeze frac- 
tured at 173 K with a BAF 400, Balzers AC, 
Lichtenstein. The fractured frozen samples were 
shadowed at 45” with platinum/carbon (layer 
thickness: 2 nm) and at 90“ with pure carbon for 
replica production. Replicas were cleaned with 
chloroform-ethanol (1: 1, v/v>, picked up on un- 
coated microscope grids, and examined by trans- 
mission electron microscopy (EM 300, Philips, 
Kassel, Germany). A three-dimensional analysis 
of the fractures was performed according to Rose 
(19801, to obtain information on the particle di- 
ameters which are presented as a number distri- 
bution. 

Small angle X-ray scattering measurements 
were performed in a Kratky compact small angle 
system KCLC connected to a Philips PW 2253/11 
X-ray tube with copper anode. A nickel foil served 

as a K, filter. A tube voltage of 40-50 kV and an 
anode current of 35-40 mA were used. An OED 
50 from Braun GmBH, Munchen, Germany, was 
used as a position sensitive detector with argon/ 
methane (9 : 1) as filling gas. The linked multi- 
channel analyser was a Canberra MCA 8100. 
Liquid samples were measured in a capillary 
holder K-PR with Peltier temperature control 
device from Anton Paar, Graz, Austria. Exposure 
times of 3000 or 5000 seconds were chosen for 
SAXS measurements. Scattering curves were 
analysed with the computer program collection of 
Glatter (1983). 

The particle density was observed by compar- 
ing the sedimentation after ultracentrifugation 
for 1.5 h at 45 000 rpm with a Beckman L8-M, 
rotor SW 50.1 (Beckman Instr. Inc., IJ.S.A.1. In 
these studies, the density of the aqueous phase 
was varied by addition of deuterium oxide to the 
suspension. 

The DSC analysis of the suspensions was per- 
formed between 40 and 130°C at a heating rate 
of 2”C/min (DSC 120, Seiko Instruments Inc., 
Tokyo, Japan). The samples were stored for 2 
months prior to the measurements, which were 
performed by The Application Laboratory, 
Kameido at the facilities of Seiko Instruments 
Inc., Japan. 

The cyclohexane residues in the suspensions 
were analysed by gas chromatography. The car- 
rier gas was helium, the stationary phase was 
10% Apiezon L and the support was Chromosorb 
W HP (Middelburg, The Netherlands). The tem- 
perature at the site of injection was lOO”C, the 
column temperature was 70°C and the tempera- 
ture of the flame ionization detector was 140°C 
(Carlo Erba 4200, Milano, Italy). 

Results and Discussion 

Particles with two concentrations, 5 and 25% 
(w/w), of CA in cyclohexane were prepared in 
order to see whether the porosity and/or crys- 
tallinity of the particles depends on the CA con- 
centration in the dispersed phase of the emul- 
sion. The influence of the emulsifier on the parti- 
cle structure was also investigated by using two 



TABLE 1 

Reproducibility of the preparation process monitored by the 
mean particle size, determined by PCS at a fired angle of 90” 
(95% confidence intercal) 

Surfactant Diameter (nm) 

(distribution by mass) 

5% (w/w) CA 25% (w/w) CA 

in cyclohexane in cyclohexane 

Lecithin/ 

sodium glycocholate 4Ok 5 (n = 14) 67 + 6 (n = 16) 

Ethoxylated 

sorbitan ester 116f15(n=6) 156f16(n=7) 

different emulsifier systems, PC/sodium glyco- 
cholate and polyoxyethylene sorbitan fatty acid 
ester, in the particle preparation. 

The process for the preparation of particles is 
fairly reproducible in terms of the achieved parti- 
cle size. Table 1 shows the particle sizes obtained 
in six to sixteen independent preparations of par- 
ticles. The mean diameter of the particles pre- 
pared with an emulsifier blend of lecithin and 
sodium glycocholate with 5 and 25% (w/w) CA 
in cyclohexane was 40 and 67 nm, respectively, by 
mass according to size determinations by PCS at 
a fixed angle of 90”. With polyoxyethylene sorbi- 
tan fatty acid ester as emulsifier, a larger particle 
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diameter was obtained, viz., 116 nm when the CA 
concentration in cyclohexane was 5% (w/w> and 
156 nm when the CA concentration was 25% 
(w/w) in cyclohexane. According to the data, the 
mean particle size deviated by 13% at most in 
different preparations (Table 1). Some of the 
particle size deviations may have been caused by 
fluctuations in the homogenization pressure due 
to fluctuations’in the air supply to the homoge- 
nizer pump. This fluctuation in air supply results 
in a variation in droplet size of less than 10%. 

TEM studies indicate that the majority of the 
CA particles of all systems studied are spherical 
and have a smooth surface. These observations 
are in agreement with earlier findings from scan- 
ning electron microscopy (Sjiistriim et al., 1992a). 
The majority of the particles in all the systems 
studied seem to be amorphous, but the larger 
particles, e.g., above 100 nm, prepared with the 
blend of PC and sodium glycocholate were crys- 
talline. Some non-spherical particles with a lay- 
ered structure were also found in a few of the 
TEM pictures of the particles (A-D), as is illus- 
trated in Fig. 2, which presents particles prepared 
with 25% (w/w) CA in cyclohexane and the 
emulsifier blend of PC/sodium glycocholate (B). 
The occurrence of these layered crystals can be 
the result of a modification of the particles dur- 

Fig. 2. TEM picture of CA particles prepared by precipitation in an emulsion system. The CA concentration was 25% (w/w) in 

cyclohexane and the surfactants were phosphatidylcholine and sodium glycocholate. Bar: 100 nm. 
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Fig. 3. TEM picture of CA particles prepared by precipitation in an o/w emulsion. The CA concentration was 5% (w/w) in 
cyclohexane. The surfactants were phosphatidylcholine and sodium glycocholate. Bar: 100 nm. 

ing the preparation of the specimens prior to 
photography. The existence of micropores which 
are too small to be observed by TEM cannot be 
excluded. No aggregation between the particles 
was observed in any of the systems studied. 

~ho~phatidy~choline and sodium glycocholate; 5% 
(w/w) CA in cyclohexane 

Regardless of size, the particles seem to be 
spherical according to the TEM pictures. The 

TEM pictures give the impression that the parti- 
cles with a diameter below 100 run are amor- 
phous, e.g., their appearance 4 days after prepa- 
ration is smooth (Fig. 31, whereas the larger parti- 
cles appear to be spherical and crystalline (Fig. 
4). The coarse appearance of crystalline particles 
is clearly shown in Fig. 4. The particle structure 
thus seems to be influenced by the particle diam- 
eter. The smaller particles Cd < 100 nm) may be 
formed more rapidly so that the time available 

Fig. 4. TEM picture of CA particles prepared by precipitation in an o/w emulsion. The CA ~ncentrat~on was 5% (w/w) in 
cyciohexane and the surfactants were phosphatidylcholine and sodium glycocholate. Bar shows 100 nm. 



TABLE 2 TABLE 3 

The mean particle diameter of one batch according to measure- 
ments by photon correlation spectroscopy performed under four 
angles and TEM pictures 

Transition temperatures PC) of the particles according to DSC 
measurements 

Pure cholesteryl 

Mean particle diameter (nm) 

(distribution by mass and by number) 

5% (w/w) CA in 25% (w/w) CA in 

cyclohexane cyclohexane 

PCS TEM PCS TEM 

Lecithin/ (by mass) 33 48 

sodium (by number) 21 49 (n = 613) 41 45 (n = 2336) 

glycocholate 

acetate 79 and 116 

5% (w/w) CA in 25% (w/w) CA in 

cyclohexane cyclohexane 

Lecithin/sodium 

glycocholate 

Ethoxylated (by mass) 59 152 

sorbitan (by number) 40 76 (n = 125) 144 88 (n = 283) 

ester 

for the CA molecules to achieve a crystalline 
order is shorter than in the larger particles. 
Moreover, the ratio between the surface area and 
the amount of CA in each particle increases as 
the particle size is reduced and hence the CA 
molecules are influenced by the emulsifier to a 
greater extent in the smaller particles than in the 
larger ones. It is not possible to determine be- 
yond doubt from the TEM micrographs whether 
the particles are dense or show microporosity 

(Figs 3 and 41. The mean particle size by number 
achieved by a three-dimensional analysis of the 
TEM pictures was 49 nm (n = 613) (Table 21, and 
the mean particle diameter by number was 21 nm 
(Table 2) according to multiangle PCS analysis. 
The main cause of the discrepancy between the 
mean diameters achieved by TEM and PCS is 
probably the broad size distribution that is 
weighted differently in the two methods. 

The DSC measurements show that the melting 
point of the CA particles at 104°C is 12°C lower 
than that of pure macroscopic CA crystals (Table 
3). This is probably due to the disturbed crystal- 
lization of CA due to the high curvature of the 
particle and the existence of surfactant at the 
outer layer of the particles and also due to the 
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Fig. 5. TEM picture of CA particles prepared by precipitation in an emulsion system. The CA concentration was 25% (w/w) in 
cyclohexane. The surfactants were phosphatidylcholine and sodium glycocholate. Bar shows 100 nm. 
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probable amorphous structure of CA in the parti- 
cle. The presence of traces of cyclohexane in the 
particles may also contribute to the lowering of 
the melting point. The irreversible transition tem- 
perature of macroscopic CA crystals at 6887°C 
(Kunihisa and Gotoh, 1977) has not been ob- 
served in the thermograms of the particles. This 
may be an indication of an amorphous structure 
of CA in the particle or of a different polymor- 
phism due to CA precipitated in the dispersed 
phase of the emulsion. 

The amount of cholesteryl acetate solubilized 
by phosphatidyl choline dispersed in water is 
16.7% (w/w) (Kellaway and Saunders, 1967) and 
is this therefore not a source of error in our 
studies since the amount of cholesteryl acetate is 
here greater than 55% (w/w> calculated on phos- 
phatidylcholine. 

Phosphatidylcholine and sodium glycocholate; 25% 
(w/w) CA in cyclohexane 

According to the TEM pictures, most of the 
particles seem to be spherical and amorphous 

(Fig. 51, however, it is not possible to determine 
unambiguously from the TEM micrographs 
whether the particles are dense or show microp- 
orosity (Figs 2 and 5). The particle structure is 
similar in this system to that in the previous 
sample (A) and thus not dependent on the CA 
concentration in cyclohexane in the initial emul- 
sion. It should be noted that the emulsifier con- 
centration calculated with respect to the cyclo- 
hexane concentration is the same in systems A 
and B, so that the packing of the emulsifier on 
the emulsion droplets in the two systems (A and 
B) is likely to be similar. A three-dimensional 
analysis of the TEM pictures resulted in a mean 
particle size of 45 nm (n = 2336) by number (Ta- 
ble 2). A mean particle size of 41 nm by number 
was achieved from a multiangle analysis by PCS 
(Table 2). The similarity in the particle sizes 
determined by the two methods is an indication 
that the particle size distribution is fairly narrow 
in this system. 

The melting point of the particles, 105°C is 
about the same as that of the previous sample (A) 

Fig. 6. TEM picture of CA particles prepared by precipitation in an emulsion system. The CA concentration was 5% (w/w) in 
cyclohexane and the surfactant was an ethoxylated sorbitan ester. Bar: 100 nm. 



and no transition temperature at 80°C was ob- 
served (Table 3). Hence, the thermogram of the 
CA particles prepared with PC and sodiumglyco- 
cholate is not dependent on the CA concentra- 
tion in cyclohexane in the initial emulsion. 

The particle density, as observed by ultracen- 
trifugation experiments in different D,O/H,O 
mixtures, is about 1.03 g cmp3, which is slightly 
lower than that of the pure CA crystals which is 
1.05-1.06 g cme3. These data indicate that the 
polymorphism of CA in the nanoparticles is dif- 
ferent from that of CA in macroscopic crystals or 
that the particles are amorphous. The surfaces of 
the CA particles are covered by lecithin (density 
= 1.01 g cmp3> which slightly reduces the particle 
density but not to the extent observed (CA/ 
lecithin ratio, 6.25 : 1, w/w). 

Ethoxylated sorbitan ester; 5% (w/w) CA in cy- 
clohexane 

Irrespective of size, the particles appear to be 
spherical and amorphous (Fig. 6). The particle 
structure seems to be independent of the emulsi- 
fier selected, since the structure of the particles 
in this sample is the same as that of particles 
prepared from the PC/sodium glycocholate 
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emulsion (A and B). A few particles in the sam- 
ple deviate from spherical shape but such parti- 
cles appear to consist of two fused particles (Fig. 
7). The occurrence of microporosity in the parti- 
cles cannot be excluded on the basis of the TEM 
micrographs (Figs 6 and 7). A three-dimensional 
analysis of the TEM pictures resulted in a mean 
particle size of 76 nm (n = 125) by number (Table 
2). The use of an ethoxylated sorbitan ester in the 
particle preparation therefore results in a larger 
mean particle size than that achieved in the 
preparation with a blend of lecithin and a sodium 
salt of glycocholic acid (Table 2). According to 
multiangle PCS analysis, the particle size is 40 nm 
by number. The main reason for the discrepancy 
between the mean diameters of the particles 
achieved by TEM and by PCS is that the broad 
size distribution is weighted differently by the two 
methods. Further, the small number of particles 
taken into account in the TEM analysis decreases 
the precision in the particle diameter determina- 
tion. 

The amount of CA dissolved by the surfactant 
is likely to be negligible (Attwood and Florence, 
1983) and is therefore not a source of error in our 
studies. 

Fig. 7. TEM picture of CA particles prepared by precipitation in an o/w emulsion. The CA concentration was 5% (w/w) in 

cyclohexane and the surfactant was an ethoxylated sorbitan ester. Bar: 100 nm. 
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Fig. 8. TEM picture of CA particles prepared by precipitation 

in an emulsion system. The CA concentration was 25% (w/w) 

in cyclohexane and the surfactant was an ethoxylated sorbitan 

ester. Bar: 100 nm. 

Ethoxylated sorbitan ester; 25% (w/w) CA in 
cyclohexane 

The particles seem, regardless of size, to be 
spherical and amorphous (Fig. 8). Thus, the 
structure is not influenced by the CA content in 
the organic solvent of the initial emulsion, since 
the particle structure is similar to that in the 
previous system (Cl. It is not possible to deter- 
mine conclusively from the TEM micrographs 
whether the particles are dense or microporous 
(Fig. 8). The three-dimensional analysis of the 
TEM pictures resulted in a mean particle size of 
88 nm (n = 283) by number distribution. Accord- 
ing to multiangle PCS analysis the mean particle 
size in this sample is 144 nm by number (Table 2). 
The discrepancy between the mean diameters 
obtained by TEM and PCS is probably a result of 
the broad size distribution of the particles that is 
weighted differently in the two methods. The 
small amount of particles taken into account in 
the analysis of the TEM pictures is also a weak- 
ness. 

When comparing of the size measurements 
made by three-dimensional analysis of TEM pic- 
tures and by the multiangle PCS, one has to 
consider the weaknesses of the two methods. In 
the TEM picture analysis, one weakness of the 
measurement is the lack of precision in the man- 

ual particle diameter determination. Shadows oc- 
curring around the particles may introduce an 
error in the diameter determination of about 2-4 
nm. Moreover, the possibility that the particles 
are modified during the preparation of the speci- 
mens prior to the photography also cannot be 
excluded. It should also be emphasized that the 
particle size determinations performed by three- 
dimensional analysis of the TEM pictures are 
only rough estimations due to the limited number 
of particles taken into account. In the TEM pic- 
ture analysis, the size of each particle is taken 
into account, whereas in the PCS measurements, 
the diameter of the mean population of particles 
is measured. Since the scattering of the particles 
is proportional to the sixth power of the particle 
radius this phenomenon leads to difficulties in 
determining the particle size of broad size distri- 
butions by PCS. The data are influenced more by 
the larger particles in the population and thus the 
mean diameter of the particle population appears 
to be larger than it really is. Moreover, in the 
PCS measurements, it is the hydrodynamic radius 
which incorporates the adsorbed, highly hy- 
drated, surfactant layer that is measured. 

Small angle X-ray scattering 
Small angle X-ray scattering studies were per- 

formed on the samples because SAXS can be 
used to obtain information on the particle shape, 
the particle size and also the internal structure of 
small colloidal particles such as serum lipopro- 
teins (Laggner, 1983). Small angle X-ray scatter- 
ing curves of all systems (A-D) were recorded as 
illustrated in Fig. 9. Systems A-C exhibit smooth 
small angle X-ray scattering curves over the whole 
range of observation suggesting that the particles 
have no ordered internal structure. In addition, 
in sample A, where the particles were prepared 

Fig. 9. Small angle X-ray scattering curves obtained from 

particles prepared by precipitation in an o/w emulsion. (a) 

5% (w/w) CA in cyclohexane; phosphatidylcholine and sodium 

glycocholate, (b) 25% (w/w) CA in cyclohexane; phos- 

phatidylcholine and sodium glycocholate, (c) 5% (w/w) CA in 
cyclohexane; ethoxylated sorbitan ester and (d) 25% (w/w) 

CA in cyclohexane; ethoxylated sorbitan ester. 
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from an emulsion system in which the CA con- 
centration in cyclohexane was 5% (w/w) and the 
emulsifiers were PC and the sodium salt of glyco- 
cholic acid, the results indicate the presence of 
phospholipid bilay$rs with a thickness of the sin- 
gle bilayer of 45 A (Fig. 10). This indicates the 
existence of liposomes in sample A. According to 
the SAXS measurements, sample B does not 
contain liposomes. The curve of system D devi- 
ates in that the scattering curve of this system 
exhibits diffraction peaks of the first and the 
second order (35 and 17 A>. The particle sizes in 
all the studied systems were too large and the 
distributions too broad to allow conclusions to be 
drawn from the SAXS data regarding the sizes 
and shapes of the particles. 

Solvent residue 
The cyclohexane residues in the suspensions 

seem to depend on the emulsifier used. In the 
system where an ethoxylated sorbitan ester was 
used as emulsifier, the cyclohexane content was 
lower, 12 ppm (calculated on the total suspen- 
sion), than when a blend of phosphatidylcholine 
and sodium glycocholate was used in the particle 
preparation where the concentration of cyclohex- 
ane is 25 ppm (Table 4). This indicates that the 
solvent was solubilized to a greater extent in the 
more hydrophobic emulsifier, lecithin, than in the 
ethoxylated sorbitan ester. It seems that the 
amount of solvent in the final suspension is inde- 
pendent of the CA content (Table 4) which sug- 
gests that the organic solvent is distributed mainly 
in the emulsifier layer surrounding the particles. 
It should be pointed out that the experiments 
were not optimized to reduce the organic solvent 
residue. 

Conclusions 

In this article, it has been shown that the 
majority of the cholestetyl acetate particles pre- 
pared by precipitation in the dispersed phase of 
an o/w emulsion are amorphous and spherical 
and that they have a smooth surface independent 
of the type of emulsifier and of the CA concen- 
tration in the organic solvent of the initial emul- 
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Fig. 10. The distance distribution function, g(r), was derived from the scattering curve of system A (Fig. 9a) with the indirect 
Fourier transformation method applying the flat sheet approximation (Clatter, 1983). 

sion. Moreover, according to the TEM data, no 
particle aggregation occurs. The method for 
preparation of particles is fairty reproducible in 
terms of the particle size achieved. The smallest 
particle size, 21 nm, by number was obtained 
using a blend of lecithin and sodium glycocholate 
(4 : 1, w/w) in the particle preparation. The melt- 
ing point of cholesteryl acetate in the particulate 
form prepared with phosphatidylcholine and 
sodium glycocholate is about ten degrees Celsius 
lower than that of pure macroscopic cholesteryl 
acetate crystals. The cyclohexane residue in the 
suspensions is 11-25 ppm depending on the 
emulsifer used in the particle preparation but 
independent of the concentration of cholesteryl 
acetate. 

TABLE 4 

Cyclohexane residue in the suspensions (ppm) 

Surfactant 5% (w/w) CA in 25% (w/w) CA in 
cvclohexane cyclohexane 

Lecithin/sodium 
glycocholate 25 

Ethoxylated 
sorbitan ester II 

25 

12 

It has been reported that it is possible to 
prepare spherical particles down to a diameter of 
21 nm by number of a lipophilic compound by 
precipitation in an o/w emuision. Further, this 
method permits a high load of drug in each entity 
and it also atlows the particle size and surface to 
be varied by the use of different emulsifiers. 
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