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The present study describes a novel pharmaceutical formulation of
coenzyme Q,o, viz. submicron-sized dispersions of the substance
prepared by emulsification of moliten coenzyme Q,, in an aqueous
phase. Photon correlation spectroscopy reveals mean diameters of
60 to 300 nm depending on process parameters. Coenzyme Q,, nano-
particles remain stable on storage for more than 30 months. Li-
pophilic drugs can be incorporated into the nanoparticles demon-
strating their potential use as a drug carrier system. Transmission
electron micrographs of freeze-fractured replica show spherical par-
ticles with an amorphous core. Cryo-electron microscopy reveals
the coexistence of small unilamellar vesicles in phospholipid stabi-
lized dispersions. Thermoanalysis and X-ray studies indicate that
the dispersed and emulsified coenzyme Q,, does not recrystallize
even at 4°C over 30 months. These agree with "TH NMR data which
demonstrate that coenzyme Q,, molecules have a high mobility
when formulated as nanoparticles and that colloidally dispersed co-
enzyme Q,, remains in the state of a supercooled melt. Despite the
high melting point of the bulk material, coenzyme Q,, dispersions
represent no suspensions but O/W emuisions according to the
IUPAC definition (1).

KEY WORDS: coenzyme Q,,; drug nanoparticles; supercooled
melt; physicochemical characterization; melt emulsification.

INTRODUCTION

Solid drug substances are commonly disintegrated by
milling and grinding thereby generating particles in the mil-
limeter and micrometer size range. A further decrease in size
is expensive, ineffective or even impossible by conventional
techniques. Moreover, ultrafine dry products are difficult to
handle because of the risk of dust explosions, cross-
contamination and inhalation of bioactive material. How-
ever, the particle size of drug compounds may have to be
reduced below the micrometer size range.

Since the diameter of the smallest blood capillaries is
only a few microns, intravenous (i.v.) administration of
larger particles such as suspensions of water insoluble drugs
would lead to capillary blockage. Moreover, particle size is
one of the parameters governing the activity of the reticulo-
endothelial system (RES). In general, smaller particles are
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less rapidly cleared from the blood stream than larger ones
).

Additionally, the bioavailability of perorally adminis-
tered drugs is related to particle size via the dissolution rate,
since in diffusion controlled dissolution of sparingly soluble
suspended drugs the diffusional distance decreases substan-
tially with particle size (3), and reduction in particle size
leads to an increase in the interfacial surface area (4). In
addition, colloidal particle dimensions result inter alia in an
apparent change in equilibrium solubility as can be derived
from the Gibbs-Kelvin equation (5).

The aim of the present study was to develop a simple
and reproducible production method for submicron-sized
drug particles. A reduction in particle size compared to con-
ventional pharmaceutical formulations is supposed to en-
hance the bioavailability of perorally administered drugs,
and furthermore enables the direct intravenous application
of poorly water-soluble substances.

The endogenous quinone coenzyme Q,, (CoQ,,) Which
is therapeutically used inter alia for the treatment of heart
diseases has been selected as a model drug. Due to the mol-
ecule’s long side chain of 10 isoprenoid units, CoQ,, is ex-
tremely lipophilic and practically insoluble in water. The bio-
availability of perorally administered CoQ,, is generally ex-
tremely low and was found to be related to the dissolution
rate of the formulation (6). As a consequence of the low
peroral bioavailability, intravenous administration systems
are of special interest particularly in intensive care of heart
attack patients. Due to its lipophilicity, CoQ,, needs to be
incorporated into a carrier for i.v. administration so that its
pharmacokinetics are influenced by the carrier system.
Hence, CoQ,, accumulates in RES organs when adminis-
tered intravenously as a mixed micellar system or in an
emulsion vehicle, respectively (7).

Submicron-sized particles can be prepared from crys-
talline materials, e.g. glycerides, by emulsification of the
molten compounds in an aqueous phase (8). Owing to the
low melting point of CoQ,, which is 49°C (9), the same pro-
cedure could be applied to this drug substance. Thus, the
object of the present study was to prepare CoQ,, nanopar-
ticles by melt-emulsification, and to investigate their physi-
cochemical characteristics.

MATERIALS AND METHODS

Reagents. The following materials were used as sup-
plied without further purification: Soy bean lecithin (Phos-
pholipon® 100, Nattermann, D-Kéln); sodium glycocholate
(Sigma, USA-St. Louis); tyloxapol (Eastman Kodak, USA-
Kingsport); thiomersal (Synopharm, D-Barsbiittel); vitamin
A-alcohol (Sigma, USA-St. Louis); vitamin K, (Fluka, CH-
Buchs); 3-(trimethylsilyl)-propanesulfonic acid sodium salt
(DSS), deuterium oxide for spectroscopy, phosphate buffer
pH 6.88 (Merck, D-Darmstad); bidistilled water. Coenzyme
Qo was donated by Kabi Invent AB, S-Huddinge.

Preparation of coenzyme Q,, nanoparticle dispersions.

Coenzyme Q,, is melted at approximately 70°C. If lecithin
is used, it is dispersed in the melt by probe sonication (So-
niprep 150, MSE, GB-Crawley) until the dispersion appears
optically clear. The heated aqueous phase optionally con-
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taining water soluble surfactants is added to the melt. The
dispersion is produced either by probe sonication for 60 min
or by homogenization of the predispersed system in a ther-
mostatized high pressure homogenizer (Microfluidizer
M-110T, Microfluidics Corp., USA-Newton; Micron Lab 40,
APV Gaulin, D-Liibeck) with the predispersion being ac-
complished by high speed vortexing (Ultra-Turrax, Janke &
Kunkel, D-Staufen) or probe sonication (Soniprep 150,
MSE, GB-Crawley) for approx. 2 min. In drug-loaded coen-
zyme Q,, dispersions, the drug is dissolved in the coenzyme
Q,o melt. All preparations contain 0.01% Thiomersal as a
preservative.

Particle size analysis. Particle size measurements on
suspensions of the raw material were performed on a laser
diffractometer (Mastersizer MS 20, Malvern Instruments
GmbH, D-Herrsching). Samples were dispersed in deminer-
alized water containing sodium glycocholate as a wetting
agent and were stirred during measurements. Size distribu-
tions were calculated by the Malvern software program ap-
plying Fraunhofer diffraction theory.

Dynamic light scattering experiments on the nanoparti-
cle dispersions were performed on a photon correlation
spectrometer (Zetasizer 3, Malvern Instruments GmbH,
D-Herrsching) at an angle of 90° as described previously
(10). The presented data was obtained by the exponential
sampling method (11). The logarithmic relative frequency
distribution was converted to a linear scale and the mean
particle size was calculated from the linear distribution by
number.

Zetapotential. The electrophoretic mobility was deter-
mined by laser Doppler anemometry (Zetasizer 3, Malvern
Instruments, D-Herrsching) in a thermostatized microelec-
trophoresis cell (AZ 4, Malvern Instruments, D-Herrsching)
as described previously (8) using phosphate buffer pH 6.88,
diluted 1:25 in bidistilled water, as electrolyte. Each value is
the mean of five measurements.

Transmission electron microscopy of freeze-fractured
specimen. Samples were freeze-fractured at 173 K in a
freeze-fracturing equipment (BAF 400, Balzers AG, CH-
Liechtenstein). Fast freezing was accomplished by slush into
melting propane. Shadowing of the samples was performed
with platinum/carbon (layer thickness: 2 nm) at 45° and with
pure carbon at 90° for replica preparation. Replica were
cleaned with a 1:1 (v/v) chloroform/ethanol mixture. Replica
on uncoated grids were viewed with a transmission electron
microscope (EM 300, Philips, D-Kassel).

Cryo-electron microscopy of frozen-hydrated speci-
mens. A few microliter of the CoQ,, dispersions were
placed on perforated carbon film coated grids and the excess
liquid was removed by placing a piece of filter paper on the
carbon film for about a second. The sample was then cryo-
fixed by shooting into liquid ethane (Zeiss cryo-box with
cryo-transfer) and transferred into an energy-filtered trans-
mission-cryo-electron microscope (EM902, Zeiss,
D-Oberkochen).

Differential scanning calorimetry. Measurements were
performed on a differential scanning calorimeter (DSC-2C,
Perkin Elmer, D-Uberlingen) connected to a data processing
unit (Data Station 3600, Perkin Eimer, D-Uberlingen). Ap-
proximately 10 mg of sample were weighed into standard
aluminum pans (Perkin Elmer, D-Uberlingen). An empty pan
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was used as a reference. A calibration graph (enthalpy vs.
concentration) was set up by weighing concentrations of 0.2
to 10.0% (w/w) coenzyme Q,, into standard pans and adding
water to a weight of approximately 10 mg. The pans were
accurately weighed after hermetically closing the caps. Sam-
ples were heated at a scan rate of 10 K/min from 293 K to
363 K.

Proton nuclear magnetic resonance ('H NMR) spec-
troscopy. Samples were either prepared in or diluted with
deuterium oxide (details are specified in the text). 3-(Tri-
methylsilyl)-propanesulfonic acid sodium salt (DSS) [8 =
0.00 ppm] dissolved in D,O (36.14 mg DSS in 10 ml D,0) was
used as an internal reference for quantitative analysis and
was added in 1:5 portions to the samples. 'H NMR spectra
were obtained on either a AM-300 or a WM-400 high reso-
lution NMR spectrometer (Bruker, D-Rheinstetten) operat-
ing at 300 or 40 MHz, respectively. Spectra were run at
ambient temperature unless otherwise stated. 90° pulse
widths were used with a pulse repetition time of 14 s, which
allowed complete relaxation of the system. The relaxation
time T, was determined by the inversion recovery method to
be 3.2 s for the trimethylsilyl signal of DSS. FID’s were
Fourier transformed without line broadening.

Synchrotron radiation X-ray diffraction. Measurements
were performed on a double focussing monochromator mir-
ror camera (12) in HASYLAB on the storage ring DORIS of
the Deutsches Elektronen Synchrotron (DESY) as described
previously (10).

RESULTS AND DISCUSSION

Preparation and particle size determination

The cardioprotective drug coenzyme Q,, (6-Deca-
prenyl-2,3-dimethoxy-5-methyl-1,4-benzoquinone) is a crys-
talline substance at room temperature. The orange coloured
powder consists of crystal agglomerates in the size range of
several microns up to the mm size range as determined by
laser diffractometry and light microscopy of the raw material
suspended in water containing sodium glycocholate as a wet-
ting agent.

Aqueous dispersions with a CoQ,, content ranging from
1 to 10% (w/w) were prepared by emulsification of the mol-
ten substance in water employing various types and amounts
of emulsifying agents. Emulsification was accomplished by
probe sonication or high pressure homogenization. The
emulsification efficiency of high pressure homogenization
was higher than that of extensive probe sonication. As a
result, the high pressure homogenized systems displayed a
smaller mean particle size and a more narrow particle size
distribution as presented in Fig. 1.

The composition of a selection of the prepared systems
is summarized in Table I. All systems were prepared by high
pressure homogenization.

The particle size distribution of the prepared systems
was determined by photon correlation spectroscopy (PCS).
Systems A, B, C and F displayed a narrow and monomodal
size distribution in the lower nanometer range with the min-
imum and maximum PCS diameters ranging between ap-
proximately 40-50 nm and 190-210 nm. The PCS particle
size distribution of system B is presented in Figure 1. Size
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Fig. 1 Comparison of the particle size distribution by number (rel-
ative frequency vs. diameter) of similarly composed CoQ,, disper-
sions prepared by probe sonication () and high pressure homoge-

nization (@®). (Composition: 3% CoQ,4, 1.8% PL, 0.4% SGC)

measurements by laser diffractometry suggest that the dis-
persions contain no particles >1 wm. Although the laser dif-
fractometer is not suitable to determine the mean particle
diameter of the systems since it fails to measure particles
below about 100 nm, the instrument is sensitive to detect
larger particles in the micrometer range.

Systems D and E were produced under moderate ho-
mogenization conditions and therefore display larger mean
diameters. The examples demonstrate that the mean particle
diameter of the CoQ,, dispersions can be varied within a
considerable range by variations of the process parameters
such as homogenization equipment, homogenization param-

Table I Composition, mean particle diameter and DSC results of
selected CoQ,, nanoparticle dispersions

d AHy
System! Composition (w%)> (nm) J/g)
A 3% Q, 1.8% PL 103 0 (30)3
B 3% Q, 1.8% PL, 0.4% SGC 70 0 (30)
C 3% Q, 1.5% PL, 0.3% SGC 69 0 (30)
D 10% Q, 6% PL, 1.25% SGC 144 0(21)
E 10% Q, 1.2% PL, 0.4% SGC 259 0 (21)
F 3% Q, 2% Tyl 67 0(10)
G 3% Q, 1.8% PL, 0.4% SGC,
0.1% Vit. A 107 0 (10)
H 3% Q, 1.8% PL, 0.4% SGC,
0.1% Vit. K, 102 0(10)

Abbreviations: d = mean particle diameter determined by PCS
(number distribution); AH; = heat of transition determined by
DSC; Q = coenzyme Q,o; PL = phospholipids; SGC = sodium
glycocholate; Tyl = Tyloxapol; Vit. A = retinol alcohol; Vit. K; =
menadione.
! Preparation:
Systems A-C: 10 min at 85 MPa (Microfluidizer M-110T)
Systems D, E: 5 cycles at 50 MPa (Micron Lab 40)
Systems F-H: 10 cycles at 120 MPa (Micron Lab 40)
2 Difference to 100% is composed of bidistilled water.
3 Values in brackets refer to the maximum time of storage after
which the DSC measurements were performed.
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eters (time, cycles, pressure), and the composition of the
dispersions (type and amount of emulsifier, phase ratio). The
observed effects are in accordance with results obtained on
O/W emulsions (13).

The CoQ,, nanoparticle dispersions remain stable on
storage at +4°C as judged from macroscopic observation and
PCS measurements. No pronounced particle growth could be
detected over the monitored period of up to 30 months.

The use of the nonionic surfactant tyloxapol (system F)
yielded very homogenously sized particles with a smaller
mean diameter than dispersions prepared by the use of phos-
pholipids (system A). The mixture of phospholipids and bile
salts (systems B and C) resulted in smaller particle sizes than
lecithin alone. Reduction in mean particle diameter of ap-
proximately 30% resulting from the addition of sodium gly-
cocholate could be observed. This reduction in diameter of
30% corresponds to a reduction in particle volume to a third
and thus increases the number of particles per volume unit
by factor 3. In order to exclude an influence of the increased
total amount of emulsifier in system B compared to system
A, system C was prepared with a reduced amount of phos-
pholipid and bile salt at a constant molar ratio. As a result,
the mean particle size of system C was still reduced com-
pared to system A with the same total amount of emulsifier.

Glycocholate is a highly mobile ion and is thus supposed
to support the emulsifying role of the comparingly slowly
moving phospholipids by stabilizing the freshly generated
surfaces during the homogenization process. The employed
amount of bile salt was below the critical micelle concentra-
tion (cmc) of sodium glycocholate (cmc = 12 mmol = 5.9 g/l
(14)) to provide for the immediate availability of glyco-
cholate ions for surface stabilization. Zetapotential (ZP)
measurements indicate that the glycocholate ion is associ-
ated with the phospholipid layer. The surface of the bile salt
containing dispersions B (ZP = —40mV) and C(ZP = —-35
mV) is more negatively charged than that of system A (ZP =
—28 mV).

CoQ,, nanoparticles can also serve as a carrier system
for lipophilic drugs. Vitamins A (retinol alcohol) and K, (me-
nadione) were incorporated as model drug substances (Table
I, systems G and H). The drug-loaded dispersions remained
stable on storage over the monitored period of 12 months.
Precipitation of the model drugs could not be detected.

The observed stability of the CoQ,, dispersion emulsi-
fied by phospholipids only (system A) is different from ob-
servations obtained on tripalmitate and hard fat nanoparti-
cles. The latter tend to gel forming ointment-like structures
when stabilized by phospholipids only (8). This phenomenon
seems to be related to the crystallization of the dispersed
phase which is associated with an enormous increase of the
surface area due to the formation of anisometric platelet-like
particles (8). Gelation can, however, be prevented by the use
of co-surfactants such as sodium glycocholate or tyloxapol.
It is assumed that these co-surfactants serve as a reservoir of
stabilizing agent which is immediately available as soon as
recrystallization of the lipid takes place (15). The stability of
system A, however, indicates that the physicochemical char-
acteristics of CoQ,, nanoparticles are different from tripalmi-
tate or hard fat dispersions. In order to elucidate the internal
structure of CoQ,, particles, a study on the recrystallization
tendency of the drug was performed on selected systems.
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Characterization of selected systems

The structure of the CoQ,, nanoparticles was investi-
gated by transmission electron microscopy (TEM) of freeze-
fractured replica. TEM micrographs show spherical particles
with an amorphous core (Fig. 2). The shape of the particles
as well as the non-structured particle core point to the ab-
sence of a recrystallization of the drug since recrystallized
particles tend to form anisometrical particle shapes and al-
ways display a structured particle core as was demonstrated
for tripalmitate nanoparticles (8). The TEM results on the
particle shape of CoQ,, nanoparticles could be verified by
cryo-electron microscopy (Fig. 3). In addition, this method
allows to detect phospholipid liposomes beside CoQ,, nan-
oparticles. The ring-shaped images of the vesicles can be
distinguished from the disc-shaped images of the CoQ,, nano-
particles. The electron microscopic studies on high pressure
homogenized dispersions indicate that the excess of phos-
pholipids forms predominantly small unilamellar vesicles in
the continuous phase as has been observed earlier for col-
loidal phospholipid-stabilized oil-in-water emulsions (16).

Both electron microscopic techniques give an idea of
the obtained particle sizes. In the case of the cryo-electron
microscopic studies, the low thickness of the ice films of the
frozen-hydrated specimens in the holes of the perforated car-
bon film resulted in a non-random distribution of the parti-
cles with respect to particle size (Fig. 3) and impeded statis-
tically relevant evaluations of the real particle size distribu-
tion. Fig. 3 demonstrates, however, that large numbers of
extremely tiny CoQ,, nanoparticles with diameters below
about 35 nm exist beside small unilamellar vesicles (SUVs)
with diameters in the same size range. TEM pictures of

Fig. 2 Transmission electron micrograph of system B. The bar in-
dicates 100 nm.
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Fig. 3 Cryo-electron microscopic picture of a frozen-hydrated
CoQ,, dispersion. The bar indicates 100 nm.

freeze-fractured replica show the fractures of emulsion drop-
lets and vesicle calottes only. Real particle diameters can be
calculated from the diameters of fractures and calottes (17),
but this is an extremely time-consuming analysis and re-
quires artefact-free replica which are, however, rarely ob-
tained. Even though a particle size analysis of TEM pictures
was not performed since the number of imaged particles was
too low, the direct inspection of the pictures of the fractured
samples allows a rough estimate of the particle sizes. The
TEM results support the cryo-electron microscopic obser-
vations concerning the particle diameters. There is also con-
siderable agreement with PCS size results although the latter
indicate higher diameters which is a consequence of PCS
emphasizing larger particles due to the fact that the scatter-
ing intensity is related to the sixth power of the radius so that
smaller particles might not be detected in the presence of
larger ones (17).

Further investigations on the physical state of the CoQ,,
nanoparticles were performed by differential scanning calo-
rimetry (DSC). All DSC thermograms recorded on the
CoQ,, particle dispersions did not reveal any transition peak
(first order phase transition) or glass transition (second order
phase transition) in the range from room temperature to 80°C
(Table I). Figure 4 represents the DSC thermograms of sys-
tem A stored for 30 months at 4°C and of system E stored for
21 months at 4°C compared to a suspension of 3% crystalline
CoQ,, in water which shows an endothermic transition peak
with a maximum at 48°C corresponding to the melting of the
substance. The slight baseline shift observed in all thermo-
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Fig. 4 DSC thermograms of a suspension of a) 3% crystalline CoQ,, in water, b) system
A, and c) system E. Scan rate: 10 K/min.

grams at approximately 65°C, i.e. at a temperature above the
melting point of CoQ,,, might be attributed to an impurity of
the raw material and is currently under further investigation.

In order to exclude that the absence of transition peaks
is related to the relatively low concentration of CoQ, in the
investigated systems, a calibration graph was set up record-
ing DSC thermograms of differently concentrated suspen-
sions of crystalline CoQ),, in water (concentration range: 0.2
to 10 w%). Concentrations of crystalline CoQ,, such small as
0.2% could still be detected by DSC suggesting that even if
only 2% of the 10% CoQ,, dispersions (systems D and E)
were crystalline a transition peak should have been ob-
served.

Further evidence for the absence of drug recrystalliza-
tion in the CoQ,, nanoparticle dispersions was obtained by
X-ray diffraction studies. Crystalline CoQ,, exhibits two
typical long spacings at 2.80 nm and 5.67 nm in the small
angle region, and two sharp reflections at 0.395 nm and 0.49
nm in the wide angle region. For the CoQ,, dispersions,
however, no diffraction peaks could be detected by small
and wide angle X-ray diffraction using synchrotron radiation
pointing to the conclusion that the drug is in a non-crystalline
state (Fig. 5).

Although the investigations reported so far gave clear
indications that the drug CoQ,, did not recrystallize after
emulsification of the melt, the applied methods could not
unambiguously answer the question whether the CoQ,,
nanoparticles were in an amorphous solid or an amorphous
liquid state. The absence of a glass transition in the DSC
thermograms hinted at a liquid state of the finely dispersed
CoQy0-

Additional investigations on the physical state of the
submicron-sized CoQ,, particles were performed by 'H
NMR spectroscopy. Due to differences in the mobility of
hydrogen nuclei it is possible to distinguish between solid
and liquid materials by this method (18). Spectra of a crude
suspension of crystalline CoQ,, powder in deuterium oxide

(D,0) stabilized by sodium glycocholate were recorded at
room temperature and after melting the CoQ,, substance.
CoQ,, was suspended in D,O in order to avoid disturbing
signals from water. The obtained spectra revealed that the
suspension of crystalline CoQ,, did not show any signals
which could be assigned to the drug substance (Fig. 6b). The
detected signals correspond to sodium glycocholate present
in the D,0 phase (Fig. 6a). The spectrum recorded after
heating of the crude dispersion to approximately 65°C for
about 1 min (Fig. 6¢), however, reveals signals at approxi-
mately 1.6 ppm, 2.0 ppm, 3.1 ppm, 3.8 ppm and 5.1 ppm
which could be distinctly assigned to liquid CoQ,,. The ob-
served line broadening of the peaks can be attributed to par-
ticle size and viscosity effects.

The aqueous CoQ,, nanoparticle dispersion of system B
had to be diluted with 15% D,O for 'H NMR spectroscopy in
order to locate the lock signal of the sample. The obtained
spectrum (Fig. 7a) contains signals at 1.6 ppm, 2.0 ppm, 3.1
ppm and 3.8 ppm (chemical shift in ppm referred to TMS)

Intensity

a)

o Wi

Channel

Fig. 5 Synchrotron radiation wide angle X-ray diffraction patterns
of crystalline CoQ,, (above) and of system A (below). Exposure
time: 3 min.
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Fig. 6 '"H-NMR spectra of a) a solution of sodium glycocholate in
D,0, b) crystalline CoQ,, suspended in a solution of sodium glyco-
cholate in D,0, and c) melted CoQ,, suspended in a solution of
sodium glycocholate in D,0.

which can be assigned to-liquid (supercooled) CoQ,, hinting
at the presence of drug which did not solidify. The signal at
5.1 ppm is superimposed by the huge water signal. In order
to exclude disturbances from the water signal, a CoQ,, dis-
persion similarly composed as system B was prepared in
D,0 by probe sonication. The deuterium oxide preparation
exhibited an average particle size by number of about 144 nm
in PCS experiments and displayed a broader particle size
distribution than system B. The cryo-electron microscopic
studies indicated that the preparation of the D,O dispersion
by probe sonication resulted in some structural changes
compared with aqueous samples prepared by high pressure
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Fig. 7 '"H-NMR spectra of a) system B diluted with 15% D,O and b)

a similarly composed dispersion prepared in D,O by probe sonica-
tion.

homogenization. In the D,O containing NMR sample, mul-
tilamellar phospholipid arrangements and some comparably
huge CoQ,, nanoparticles could be observed. In the corre-
sponding 'H NMR spectrum (Fig. 7b) the signals at 1.6 ppm,
2.0 ppm, 3.1 ppm, 3.8 ppm and 5.1 ppm of liquid CoQ,, were
better resolved than in system B diluted with 15% D,O. The
CoQ,, dispersion in D,0 was used for a (semi-)quantitative
analysis of the liquid, i.e., supercooled CoQ,, in the colloidal
dispersion. "TH NMR spectra were taken from the deuterium
oxide dispersion after storage of the sample for more than 20
months at 4°C. DSS (3 = 0.00 ppm) was added as an internal
reference to the continuous phase. No relaxation regent was
added. The area of the proton signal of the reference at 0.0
ppm was compared with the CoQ,, signal at 5.1 ppm which
represents a strong signal since it corresponds to the (— CH
= () protons of the 10 isoprenoid units. The peak areas were
calculated by weighing the corresponding paper areas. A
computer-aided analysis of peak integrals was not possible
due to imperfections in baseline and line-shape of the CoQ,,
signal. The weight of CoQ,, (W,) in the mixture with DSS
(Wp) was derived from the following equation (19):

W, = Wy - Np/N, - A /Ap - M/My
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where N indicates the number of signal protons, A the rel-
ative area of the signals and M the molecular weight of sub-
stance A (CoQ,,) or B (DSS). The signal area at 5.1 ppm
corresponds to about 2.3% (w/w) CoQ,, indicating that most
of the CoQ,, molecules in the comparably crude D,O dis-
persion were still in a liquid state after more than 20 months
of storage at 4°C.

DISCUSSION

The present study demonstrates that it is possible to
prepare stable submicron-sized formulations of CoQ,, by
emulsification of the molten substance in an aqueous phase
using probe sonication or high pressure homogenization.
The production avoids the use of organic solvents or any
other potentially toxic excipients and employs physiologi-
cally acceptable compounds only. The manufacturing pro-
cess can be accomplished by inexpensive, conventional

techniques, and provides a product which is safe with re- ‘

spect to its handling. The process can potentially be em-
ployed for the production of small particles from low melting
(<=95°C), poorly water soluble bioactive substances such as
drugs, nutrient additives, herbicides, pesticides etc. A con-
siderable number of compounds which meet these criteria
can be found in the literature (e.g. 20).

In contrast to micronized powders which are often aero-
philic due to the production process resulting in a poor wet-
tability, the melt-emulsified drug particles exhibit hydro-
philic surfaces. Moreover, the reduced particle size may en-
hance the apparent solubility of the compound according to
the modified Gibbs-Kelvin equation (5):

L S, 2vV

S, T2303RTr

where S, is the solubility of a small particle of radius r, S,
that of an infinitively large one, v is the interfacial energy, V
the molar volume, R the gas constant and T the absolute
temperature. It has been demonstrated before that the de-
gree of absorption from the intestinum and the consequent
blood levels of certain drugs are inversely related to particle
size (21). Hence, the oral bioavailability of several drugs
which are poorly soluble in the gastro-intestinal tract could
be accelerated by a decrease in particle size.

Additionally, the reduction in size to the lower nano-
meter range would allow direct intravenous application of
the water insoluble drug without the need of a carrier vehi-
cle. Thus, possible problems such as drug leakage and phys-
icochemical instability associated with the incorporation into
a carrier could be circumvented. In addition, the very small
particle size gives rise to a reduced uptake by the RES. Since
RES activity is also influenced by surface characteristics,
the drug nanoparticles may offer the possibility of a modified
biodistribution by the modification of the particle surface
which could be achieved by a proper choice of emulsifying
agents. As the CoQ,, nanoparticles are in the size range of
the endothelial fenestrations, they are potentially able to
leave the vascular system to reach extravascular target sites.

The incorporation of the lipophilic model drugs retinol
alcohol and menadione demonstrate that CoQ,, nanoparti-
cles can be applied as an interesting alternative drug carrier
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system for poorly water soluble drugs. In contrast to paren-
teral emulsions containing vegetable oils such as soy bean oil
as the dispersed phase, CoQ,, cannot be biodegraded by
lipases. In-addition, CoQ;, exhibits no measurable binding to
serum proteins. As a consequence, the half life in blood of
CoQ,, nanoparticles should be significantly higher than that
of similarly sized droplets of vegetable oils stabilized by the
same type of emulsifiers.

The physicochemical characterization of the prepared
CoQ,, formulations revealed that the submiron-sized parti-
cles are of predominantly spherical shape and possess an
amorphous core. Whereas TEM micrographs and X-ray dif-
fraction patterns did not allow a clear distinction between
amorphous solids and amorphous liquids, DSC and '"H NMR
data obtained on the submicron-sized CoQ,, dispersions in-
dicate a liquid physical state of the particles. The results of
the physicochemical characterization therefore suggest that
the emulsified melt of CoQ,, does not recrystallize at tem-
peratures of 4°C and above within the observation period.
The CoQ,, nanoparticles thus represent a supercooled melt,
and the formulations can be regarded as O/W emulsions ac-
cording to the TUPAC definition (1). The degree of super-
cooling amounts to more than 45°C. The results can be partly
explained by the colloidal size of the particles. Due to the
increased Laplace pressure in the colloidal droplets of the
dispersed CoQ,, melt, the chemical potential of the CoQ,,
molecules is increased, i.e. they are in a higher energetic
state than molecules in the bulk phase at a given tempera-
ture. Crystallization depends on the presence of nuclei of a
critical size in which crystal growth can be continued. The
rate of nucleation is determined by the probability of forma-
tion of critical-sized nuclei. This probability is reduced for
molecules with a higher energy since nuclei of a size below
the critical size can dissolve more easily if the molecules are
in an elevated energetical state. As a consequence the tem-
perature at which recrystallization starts is lower in dis-
persed colloidal droplets of the melt than in the bulk phase.
Additionally, it should be considered that recrystallization
has to start seperately in each single droplet.

Dispersed CoQ,, does not recrystallize in contrast to
similarly prepared nanoparticles of glycerides such as tri-
palmitate and hard fat despite striking similarities in melting
point of the bulk substances, composition of the dispersions,
and their mean particle size (8,10). Although recrystalliza-
tion of the glyceride nanoparticles requires a higher super-
cooling than the corresponding bulk materials, recrystalliza-
tion of the dispersed lipids at 4°C or at room temperature is
not prevented (22). In contrast, recrystallization of dispersed
CoQ,, could not be observed over the monitored period of
up to 30 months. The results indicate that crystallization in
the dispersed state depends to a great extent on the proper-
ties of the matrix material, e.g. the crystal lattice. Obviously,
the complexity of the CoQ,, crystal lattice does not permit
the immediate crystallization of the molten substance at tem-
peratures slightly below the melting point. The retarded for-
mation of the CoQ,, crystal lattice is indicated by the high
degree of supercooling of the bulk material. In DSC, recrys-
tallization of bulk CoQ,, starts only at 7°C after melting and
slow cooling (cooling rate: 1 K/min).

As a consequence of the liquid physical state of the
submicron CoQ),, particles, their biopharmaceutical behav-
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iour may be significantly different from that of the solid drug
substance. Since the dissolution of liquid substances does
not require crystal lattice energy, the peroral bioavailability
of such nanoparticles is expected to be increased. Moreover,
the colloidal size of the CoQ,, particles accounts for an ap-
parent increase in the equilibrium solubility as predicted by
the above mentioned Gibbs-Kelvin equation (5). An increase
in peroral bioavailability can also be deduced from the in-
creased dissolution rate as compared to conventional formu-
lations owing to the colloidal particle size (increased inter-
facial area, decreased diffusional distance).
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