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a b s t r a c t

Asulacrine (ASL) is an inhibitor of topoisomerase II, which has shown potential against breast and lung
cancer. It is a poorly water soluble drug. To allow intravenous (i.v.) administration, ASL was formulated
as a nanocrystalline suspension by high pressure homogenization. The nanosuspension was lyophilized
to obtain the dry ASL nanoparticles (average size, 133 ± 20 nm), which enhanced both the physical and
chemical stability of the ASL nanoparticles. ASL dissolution and saturation solubility were enhanced by the
nanosuspension. Differential scanning calorimetry and X-ray diffraction analysis showed that the crys-
tallinity of the ASL was preserved during the high pressure homogenization process. The pharmacokinetics
anosuspension
igh pressure homogenization
issolution
harmacokinetics
issue distribution

and tissue distribution of ASL administered either as a nanosuspension or as a solution were compared
after i.v. administration to mice. In plasma, ASL nanosuspension exhibited a significantly (P < 0.01) reduced
Cmax (12.2 ± 1.3 �g ml−1 vs 18.3 ± 1.0 �g ml−1) and AUC0–∞ (18.7 ± 0.5 �g ml−1 h vs 46.4 ± 2.6 �g ml−1 h),
and a significantly (P < 0.01) greater volume of distribution (15.5 ± 0.6 l kg−1 vs 2.5 ± 0.1 l kg−1), clearance
(1.6 ± 0.04 l h−1 kg−1 vs 0.6 ± 0.04 l h−1 kg−1) and elimination half-life (6.1 ± 0.1 h vs 2.7 ± 0.2 h) compared
to the ASL solution. In contrast, the ASL nanosuspension resulted in a significantly greater AUC0–∞ in liver,
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lung and kidney (all P < 0.0

. Introduction

An increasing number of newly developed drugs are poorly sol-
ble in water as well as in organic media (Lipinski, 2002). As a
esult, the formulation of these drugs is a major problem in their
linical development. Such drugs often have poor bioavailability
ecause of their extreme low aqueous solubility (Muller and Peters,
998; Patravale et al., 2004; Rabinow, 2004). New drugs emerg-
ng from the drug discovery process often have high molecular

eight and high log P value, both of which contribute to insolubility
Lipinski et al., 1997). Attempts to solubilise poorly soluble drugs
sing co-solvents, in micelles, or with cyclodextrins have been of

imited success. An alternative approach is the formulation of the
oorly soluble drugs as nanosuspensions (Böhm and Muller, 1999).
anosuspensions are colloidal dispersions of nano-sized drug par-
icles which are produced by an appropriate size-reduction method
nd stabilized by a suitable stabilizer (Böhm and Muller, 1999;
atravale et al., 2004; Rabinow, 2004). According to Noyes-Whitney
nd Ostwald-Freundlich principles, particle size in the nanometer

∗ Corresponding author. Tel.: +64 9 373 7599x82836; fax: +64 9 367 7192.
E-mail address: s.garg@auckland.ac.nz (S. Garg).
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ange can lead to an increased dissolution velocity and saturation
olubility for a nanosuspension, which is usually also accompanied
y an increase in bioavailability (Böhm and Muller, 1999; Hintz and
ohnson, 1989). An important advantage of the nanosuspension is
hat they can be given by various routes of administration, such as
ral (Liversidge and Cundy, 1995), parenteral (Peters et al., 2000),
cular (Rosario et al., 2002) and pulmonary delivery (Jacobs and
uller, 2002). In addition, due to its small particle size and safe

omposition, nanosuspension can be injected intravenously (i.v.) to
ive 100% bioavailability (Muller and Keck, 2004). Nanosuspensions
ay also show passive targeting similar to colloidal drug carriers

fter i.v. administration (Peters et al., 2000). Following modifica-
ion to the surface with special stabilizers, some active targeting

ay also be achieved in vivo with nanosuspensions (Muller and
eck, 2004; Rabinow, 2004).

Particle size reduction to the nanometer range can be achieved
hrough media milling (Merisko-Liversidge et al., 1996) or high
ressure homogenization (Muller et al., 2001; Muller and Peters,

998). The major concern with the former is the generation of
esidues of milling media, which may be introduced in the final
roduct as a result of erosion (Buchmann et al., 1996). The high pres-
ure homogenization technique has been extensively described
ith regard to particle size-reduction efficiency (Muller et al., 2001;

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:s.garg@auckland.ac.nz
dx.doi.org/10.1016/j.ijpharm.2008.09.022
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was carried out in phosphate buffered saline (PBS) (Na2HPO4,
0.017 M; KH2PO4, 0.0014 M; and NaCl, 0.1370 M, pH 7.4) at 37 ◦C.
80 S. Ganta et al. / International Journ

uller and Peters, 1998). As it is very simple, time-saving and is
n organic solvent free process, it presents advantages over other
illing techniques. However, with high pressure homogenization,

he drug particles should be sufficiently small to pass through the
omogenization gaps (Muller and Peters, 1998).

Asulacrine (ASL), is a derivative of the anti-leukaemia drug
msacrine, first synthesized in the Auckland Cancer Society
esearch Centre (Baguley et al., 1984; Cain et al., 1975). It is
n inhibitor of topoisomerase II (Schneider et al., 1988), and its
nti-tumour action is mediated through DNA breakage and the for-
ation of DNA protein cross-links leading to cell death (Baguley,

990; Covey et al., 1988). Despite its severe toxicity, ASL has the
otential to be effective against breast and lung cancers (Baguley
t al., 1984; Sklarin et al., 1992).

ASL is a hydrophobic drug and poorly soluble in water. In
his study, high pressure homogenization was evaluated for the
SL nanosuspension preparation for i.v. administration. The ASL
anosuspension was characterized for its particle size distribu-
ion and morphology, and its dissolution and solubility properties
ere determined to confirm theoretical enhancement predictions.

he ASL crystalline state was also studied before and following
article size-reduction methods to assess if the initial crystalline
tate was preserved, which is important for long-term stabil-
ty. To assess the in vivo properties of the ASL nanosuspension,
he pharmacokinetics and tissue distribution were investigated in
57 BL/6 mice.

. Materials and methods

.1. Materials

Asulacrine (SN 21407) and the corresponding ethylsulpho-
anilide analogue (SN 23305), for use as an internal standard (I.S.),
ere provided by the Auckland Cancer Society Research Centre.
nhydrous sodium acetate and propylene glycol were obtained

rom Scharlau Chemie (Spain) and dimethyl acetamide from Acros
rganics (USA). Poloxamer 188 (Pluronic F 68) was kindly provided
y BASF (USA). Glycerol and Tween 80 were purchased from Sigma
hemicals (St. Louis, USA). HPLC grade acetonitrile and methanol
ere obtained from Ajax Fine Chemicals (Australia). All other chem-

cals and reagents were of analytical grade. Water was purified on
Milli-Q system (Millipore, USA), and was used for the preparation
f all aqueous solutions.

.2. Preparation of asulacrine nanosuspension

The ASL nanosuspension was prepared by ultra-turrax homog-
nization, followed by high pressure homogenization. Poloxamer
1%, w/v) was dissolved in 25 ml of water to obtain the aqueous
urfactant solution, which was poured on the ASL (0.5%) pow-
er with continuous mixing. This slurry was then subjected to a
re-homogenization with an ultra-turrax homogenizer (IKA Werke
mbH & Co., Germany) at 15,000 rpm for 15 min under low tem-
erature (2–4 ◦C). This coarse suspension was then circulated for 10
ycles at 500 bar pressure through the Emulsiflex-C3 high pressure
omogenizer (Avestin Inc., Canada), followed by another 10 cycles
t 1000 bar as a kind of pre-milling. Finally, the suspension was
omogenized for 20 cycles at 1500 bar until an equilibrium size
as reached. A continuous cooling via heat exchanger (Refriger-
ted Circulator, Julabo Labortechnique, GmbH, Germany) was used
uring the homogenization process to maintain the product tem-
erature between 2 and 4 ◦C. Samples were withdrawn after the
re-homogenization and homogenization size-reduction steps for
ize distribution analysis. The nanosuspension was then lyophilized

L
5
f
d
H
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mmediately to obtain a dry powder, which was dispensed into
lass vials and frozen at −20 ◦C for 12 h. This was then transferred
o a freeze-dryer (Labconco, Labconco Corporation, USA), and dried
or 48 h at −55 ◦C and at a pressure of 0.133 mbar, with a secondary
ycle of 5 h with the temperature adjusted to 25 ◦C. The lyophilized
roduct was then re-dispersed with 2.21% (w/v) of glycerin in water
or i.v. administration. Re-dispersion was by manual shaking for
min and the re-dispersion volume being equivalent to the original
olume of the nanosuspension.

.3. Characterization of asulacrine nanosuspension

.3.1. Particle size measurement
The size distribution of the particles in the ASL nanosuspen-

ion was determined by a dynamic light scattering (DLS) technique
ith a Mastersizer 2000 (Malvern Instruments, UK). The nanosus-
ension samples for particle size analysis were added to the
mall sample dispersion unit containing water as a dispersant.
he refractive index at 1.5 was used for measurements, and the
aser obscuration range was maintained between 10 and 20%.
hree observations were recorded for each sample. The diameters
eported were calculated using volume distribution. The particle
ize, d(v; 0.5) (size of the particles for which 50% of the sample vol-
me contains particles smaller than d(v; 0.5)), and d(v; 0.9) (size of
he particles for which 90% of the sample volume contains particles
maller than d(v; 0.9)) were used as characterization parameters.

.3.2. Morphology
Morphological evaluation of ASL nanoparticles was conducted

y scanning electron microscopy (SEM). The lyophilized nanosus-
ension samples were placed on a carbon specimen holder, and
hen coated with platinum in a sputter coater (Polaron SC 7640),
nd then observed with a Philips XL30S FEG scanning electron
icroscope (Philips, Eindhoven, Netherlands).

.3.3. Crystalline state evaluation
Crystalline state evaluation before and following particle size

eduction was conducted by differential scanning calorimetry
DSC) and powder X-ray diffraction (PXRD) to indicate any
ransformation to amorphous state during the high pressure
omogenization process. The thermal properties of the ASL and
ther excipients in the nanosuspension were investigated with a
SC calibrated with indium (calibration standard, purity >99.999%)

or melting point and heat of fusion (Shimadzu, Japan). A heating
ate of 10 ◦C/min was employed over the range of 25–300 ◦C. Sam-
les (approximately 10 mg) were analyzed in standard aluminum
ample pans with an empty pan used as a reference. Thermograms
f nanosuspension samples and their individual excipients were
ecorded. PXRD diffractograms of ASL and other excipients in the
anosuspension were recorded using a Brucker AXS diffractometer
Model: D8 Advance) with Cu line as the source of radiation. Stan-
ard runs using a 40 kV voltage, a 40 mA current and a scanning
ate of 0.02◦/min over a 2� range of 2–40◦ were used.

.3.4. Saturation solubility
The saturation solubility evaluation of ASL in nanosuspension
yophilized powder was dispersed into these media to obtain
mg/ml of drug suspension and placed on a shaking water bath

or 48 h. Samples were centrifuged, the resulting supernatant was
iluted in a mobile phase and 50 �l volume was injected into the
PLC for analysis.
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3.1. ASL nanosuspension

Particle size following different size-reduction steps and in
lyophilized powder following water re-dispersion were deter-
mined by the DLS technique (Table 1). Un-milled ASL was

Table 1
Effect of milling operation on particle size of asulacrine.

Milling operation d(0.5) �m d(0.9) �m

Un-milled ASL 39.6 ± 1.2 55.3 ± 1.3
S. Ganta et al. / International Journ

.3.5. Dissolution study
A Hanson SR8 Plus dissolution test station (USP apparatus-II,

addle method) operating at a rotation speed of 100 rpm was used
or in vitro testing of ASL dissolution. All dissolution tests were run
n triplicate on an equivalent of 5 mg of ASL in nanosuspension. PBS
pH 7.4) with 1% Tween 80 was used as the dissolution media. The
olume and temperature of the dissolution medium were 500 ml
nd 37 ± 0.5 ◦C, respectively. At each sampling time, 2 ml was with-
rawn using sampling port attached with 0.22 �m filter disc, and
ml blank medium was added back into the vessels through the

ampling port. Samples were centrifuged, the resulting supernatant
as diluted in a mobile phase and 50 �l volume was injected into

he HPLC for analysis.

.3.6. Stability study
Storage stability was studied by storing the lyophilized nanosus-

ension samples at 4 and 25 ◦C for up to 3 months. Periodically,
amples were removed and the particle size was measured. In
ddition, ASL stability in the nanosuspension was examined by
etermining (by HPLC assay) the amount of parent drug remained
fter specific storage periods.

.4. Preparation of asulacrine injection solution

The ASL solution was prepared by dissolving 30 mg of ASL
n 1 ml of dimethyl acetamide, and then diluting to 2 ml with
ropylene glycol. This preparation was injected immediately by
he i.v. route at an ASL dose of 30 mg/kg body weight. This dose
as chosen for the pharmacokinetic study based on its cura-

ive activity in mice bearing Lewis lung tumours (Baguley et al.,
984).

.5. Pharmacokinetics and tissue distribution

Male mice (C57 BL/6) weighing 25–30 g were obtained from the
ernon Jansen Unit, The University of Auckland, New Zealand. The
nimals were acclimatized for at least 1–2 weeks before experi-
entation, fed with standard diet, and allowed water ad libitum.
ll animal experiments were evaluated and approved by the Ani-
al Ethics Committee, The University of Auckland, New Zealand.
ice in groups received i.v. injection of ASL (30 mg/kg) in solu-

ion (ASL) or nanosuspension (ASL-NS) via the tail vein with a 1CC
uberculin syringe fitted with a 26 gauge needle. Control groups
eceived the appropriate vehicles. At predetermined time points
5, 15, 30 min and 1, 2, 4, 6, 8 and 13 h), three mice from each
roup were anaesthetized with isoflurane, blood collected from the
etro-orbital sinus into heparin (10 �l, 500 IU/ml) treated tubes, and
entrifuged at 3500 rpm for 15 min for the isolation of the plasma.
he mice were then euthanized by cervical dislocation, and the
iver, kidney, heart, and lungs were collected, washed, weighed
nd homogenized (Ultra-turrax homogenizer (IKS T10), IKA Werke
mbH & Co., Germany) in 1 ml of PBS (pH 7.4). After collection,
oth plasma and tissue samples were stored at −20 ◦C until further
nalysis.

.6. Plasma and tissue sample processing

To determine the ASL concentration, I.S. was added to 0.1 ml of
lasma or tissue homogenate, followed by 1 ml chilled acetonitrile.

ach sample was vortexed for 1 min with a VX100 Labnet vortex
ixer (Labnet Int., NJ, US), and then kept on ice for 30 min. After

entrifugation (Sigma Laborzentrifugen, Germany) at 3500 rpm for
5 min to precipitate the proteins, the supernatant was removed to
lean test tubes and vacuum dried (Labconco Corporation, Kansas,

U
P
H

T
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S). Residues were dissolved in 1 ml of mobile phase, and 50 �l
liquots injected into the HPLC for analysis.

.7. HPLC analysis

A previously reported method from our lab was used for the
nalysis of ASL in biological samples (Ganta et al., 2008). A Waters®

eries LC, comprising of a binary pump, an autosampler, and dual
avelength detector were used, with data acquisition by Breeze

oftware (Waters Corporation). The HPLC separation was per-
ormed on a Gemini C18 analytical column (250 mm × 4.6 mm,
article size 5 �m) from Phenomenox, USA and a C18 precolumn
f the same packing (12.5 mm × 4.6 mm). The mobile phase con-
isted of 0.01 M sodium acetate buffer, pH 4.0 adjusted with acetic
cid and acetonitrile (55:45, v/v). It was filtered through a 0.45 �m
ylon filter (Alltech Associates, Inc., Deerfield, IL) and degassed in
n ultrasonic bath (Bandelin Electronics, Berlin, Germany) before
se. All samples were analyzed under isocratic elution at a flow
ate of 1 ml/min, and at a wavelength of 254 nm. The autosam-
ler temperature was maintained at 10 ◦C, with a 50 �l injection
olume.

The HPLC method was validated for the determination of ASL in
iological matrix. The limit of quantification (LOQ) (i.e., 0.1 �g/ml)
as determined as the ASL peak was identifiable and reproducible
ith a precision of less than 20%. A calibration curve was prepared
sing six calibration standards (0.1–10 �g/ml, 5 �g/ml I.S.). Intraday
nd interday accuracy and precision were determined by analysis of
he 0.1, 5 and 10 �g/ml concentrations. ASL relative recoveries from
lasma and tissues were determined by comparing the concentra-
ion of extracted samples (0.1, 5 and 10 �g/ml) with the unextracted
tandards containing the same amount of the analyte. In all the
ases five replicate samples were determined.

.8. Pharmacokinetics and statistical analysis

Pharmacokinetic analysis was carried out using non-
ompartmental analysis with WinNonlin version 5.0. The area
nder the plasma concentration-time profiles (AUC), the distribu-
ion (t1/2�) and elimination half-life (t1/2�), the mean residence
ime (MRT), the volume of distribution at steady state (Vss), and
otal plasma clearance (CL) were calculated. The areas under
he tissue distribution curves were calculated by the log-linear
rapezoidal method. Statistical significance on pharmacokinetic
arameter differences among the treatment groups were analyzed
y Student’s t-test using SigmaStat 3.5 and statistical significance
as defined by P < 0.05.

. Results
ltra-turrax milling 0.379 ± 0.1 7.535 ± 0.02
re-milling 0.230 ± 0.02 2.324 ± 0.01
igh pressure homogenization
(20 cycles at 1500 bar)

0.133 ± 0.02 0.702 ± 0.02

he values are shown as mean particle size ± S.D., n = 3.
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Fig. 1. Scanning electron micrographs of asulacrine: (A) Un-milled asulac

haracterized by relatively large particles with a d(v; 0.5) about
9.6 �m (Table 1). Ultra-turrax and pre-milling operations were
mployed to obtain the relatively smaller size particles prior to
igh pressure homogenization (i.e., 25 �m at 22,000 psi) (Muller
t al., 2001). These operations were only effective as preliminary
ize-reduction steps, and a high pressure homogenization with 20
ycles at 1500 bar pressure was necessary to obtain nanoparticles
ith a d(v; 0.5) of around 133 nm and d(v: 0.9) of around 702 nm,

espectively (Table 1).
A surfactant or polymer was necessary for nanoparticles sta-

ilization after the high pressure homogenization, and poloxamer
88 at 1% (w/v) was found to be suitable for this purpose. After
he homogenization step, the nanosuspension was immediately
yophilized to obtain the dried ASL nanoparticles as this maintained
oth the physical and chemical stability of the drug. There was no
ignificant change in the ASL nanoparticle size after re-dispersion
f the lyophilized particles in glycerin–water. The particle morphol-
gy assessment by SEM helped in understanding the morphological
hanges that a drug might undergo when subjected to size-
eduction process (Patravale et al., 2004). As seen from Fig. 1, the
igh pressure homogenization resulted in the formation of smaller
SL particles.

.2. Crystalline state evaluation
Crystalline state evaluation was carried out after high pressure
omogenization process. As can be seen from the DSC thermo-
rams (Fig. 2), the peaks for un-milled ASL and ASL nanoparticles
ere nearly identical, with a sharp melting point of 281 ◦C. In addi-

ig. 2. Overlaid DSC thermograms: (A) poloxamer 188; (B) un-milled asulacrine;
nd (C) asulacrine nanosuspension.
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d (B) nano-sized asulacrine. Magnification: 50,000× and scale bar 1 �m.

ion, the PXRD analysis (Fig. 3) showed that the diffraction pattern
as preserved for the ASL nanoparticles, and indicated that the

rystalline state was apparently unaltered following the homoge-
ization operation.

.3. Solubility and dissolution

Un-milled ASL showed negligible solubility in PBS pH 7.4.
n contrast, ASL nanoparticles showed enhanced solubility
42 ± 3 �g/ml), attributed to the nano-sized ASL. As can be seen
n Fig. 4, the solubility of ASL was a function of particle size. When
he particle size was decreased following successive size-reduction
teps, the solubility increased, with the highest solubility achieved
ith a particle size of d(v; 0.5) 133 nm.

The dissolution profiles for ASL in PBS pH 7.4 after turrax milling
nd high pressure homogenization were compared (Fig. 5). A 42%
rug dissolution was achieved after the high pressure homogeniza-
ion compared to 6% after turrax milling.

.4. Stability of nanosuspension

The physical stability of the lyophilized ASL nanosuspension was
valuated over 3 months at 4 and 25 ◦C. During this storage period,
he particle size did not change, and ASL stability was maintained,
ith more than 99% of ASL remaining in the nanosuspension, indi-

ating that the lyophilized product has a shelf-life of at least 3
onths.

.5. Pharmacokinetics and tissue distribution

The performance of the analytical method for ASL determination
n biological matrix was established (Ganta et al., 2008). The LOQ
or the quantification of ASL in plasma was 0.1 �g/ml with a pre-
ision of 10.2%, and the linear range was 0.1–10 �g/ml (r2 − 0.999).
ntraday and interday precision was 7.8% and 6.9%, respectively, and
ntraday and interday accuracy was ±4.7% and ±8.3%, respectively.
hese values were within the limits (<15%) specified for interday
nd intraday precision and accuracy. ASL relative recoveries from
he plasma and tissue (liver, kidney, lungs and heart) were 102.8%
nd 95.1% to 101.2%, respectively.

I.v. administration of both ASL solution and ASL nanosus-
ension (ASL-NS) was well tolerated by all mice. The plasma

oncentration–time profiles of ASL obtained are shown in Fig. 6
nd the corresponding pharmacokinetic parameters in Table 2.
lthough both plasma profiles declined in a bi-exponential fashion,

heir profiles were markedly different with ASL-NS exhibit-
ng a very rapid distribution phase (t1/2� = 0.1 ± 0.01 h compared
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Fig. 3. PXRD diffractograms: (A) un-milled asulacrine; (B)

Fig. 4. Solubility as a function of particle size following successive size-reduction
steps for asulacrine. Data are mean ± S.D., n = 3.

Table 2
Plasma pharmacokinetic parameters after i.v. administration of ASL solution and
ASL-NS at a dose of 30 mg/kg of asulacrine.

Pharmacokinetic parameters ASL ASL-NS

Cmax (�g ml−1) 18.3 ± 1.0 12.2 ± 1.3
AUC0–∞ (�g ml−1 h) 46.4 ± 2.6 18.7 ± 0.5
MRT (h) 3.5 ± 0.2 9.6 ± 0.3
t1/2� (h) 0.9 ± 0.16 0.1 ± 0.01
t1/2� (h) 2.7 ± 0.2 6.1 ± 0.1
CL (l h− kg−1) 0.6 ± 0.04 1.6 ± 0.04
Vss (l kg−1) 2.5 ± 0.1 15.5 ± 0.6

Data are shown as mean ± S.D., n = 3. Statistically significant when the pharmacoki-
netics parameters of ASL-NS compared with ASL at P < 0.01.
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Poloxamer 188; and (C) asulacrine nanosuspension.

o ASL solution (t1/2� = 0.9 ± 0.16 h). In contrast the elimina-
ion phase (t1/2�) for the ASL-NS formulation was significantly
P < 0.01) longer (t1/2� = 6.1 ± 0.1 h) compared to that for ASL
t1/2� = 2.7 ± 0.2 h). The peak plasma concentration (Cmax) achieved
fter ASL (18.3 ± 1.0 �g/ml) was significantly greater (P < 0.01) than
hat observed after ASL-NS (12.2 ± 1.3 �g/ml). Similarly the plasma
UC0–∞ for ASL solution (46.4 ± 2.6 �g ml−1 h) was approximately

.5-fold greater than that for ASL-NS (18.7 ± 0.5 �g ml−1 h), but
verall the mean residence time (MRT, 9.6 ± 0.3 h) for the ASL-NS
ormulation was considerably longer (2.7-fold) than that observed
or the ASL solution. In mouse plasma, ASL was measurable at 13 h
ost injection of ASL-NS, but only up to 8 h after i.v. ASL solution.

ig. 5. Dissolution profiles for asulacrine following ultra-turrax (�) and high pres-
ure homogenization (�) milling. Data are mean ± S.D., n = 3.
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ig. 6. Plasma concentration–time curves for asulacrine solution (ASL) and asu-
acrine nanosuspension (ASL-NS) after 30 mg/kg asulacrine i.v. in mice. Data are

ean ± S.D., n = 3 mice.

hus it is apparent that the ASL-NS formulation maintained lower
lasma ASL concentrations but for a longer duration compared to

he ASL solution.

In contrast to the plasma profiles, in all tissues (except the heart),
ignificantly higher ASL concentrations were observed in mice
dministered the ASL-NS compared to the ASL solution (P < 0.001)
Fig. 7). The increase in AUC0–∞ ranged from 1.5-fold in the kid-

a
t

n
g

ig. 7. Tissue distribution curves of asulacrine solution (�) and asulacrine nanosuspensio
ungs. Data are mean ± S.D., n = 3 mice.
harmaceutics 367 (2009) 179–186

ey to 10.4-fold in the liver, whereas the heart experienced a
6% reduction in its exposure to ASL after the nanosuspension
ormulation.

. Discussion

Nanosuspensions are useful injectable dosage forms for poorly
oluble drugs (Muller and Peters, 1998; Peters et al., 2000; Rabinow,
004). High pressure homogenization is often used in the produc-
ion of such nanosuspensions (Muller and Peters, 1998; Patravale
t al., 2004; Rabinow, 2004). Stabilization of the nanoparticles in a
anosuspension form requires a stabilizer that binds onto the parti-
le surface (Muller and Peters, 1998; Patravale et al., 2004; Rabinow,
004). Poloxamers adsorb strongly onto the surface of hydrophobic
anoparticles via their hydrophobic polyoxypropylene centre block
nd have been shown to be quite successful in regard to nanoparti-
les stabilization (Storm et al., 1995). The particle size decreased in
uccessive milling operations and the final nano-ranged particles
ere reached at high homogenization of 20 cycles and pressure

t 1500 bar. In addition to particle size reduction, high pressure
omogenization also permit rapid stabilization of the particles by
llowing contact and binding of the stabilizers to the newly formed
urfaces (Muller and Peters, 1998; Rabinow, 2004). Poloxamer 188,

non-ionic block polymer was used to stabilize the ASL nanopar-

icles.
Nanosuspension was lyophilized to obtain the dried ASL

anoparticles. Fig. 1B indicates that ASL nanoparticles were aggre-
ated due to the water-removal (lyophilization). However, there

n (�) after 30 mg/kg asulacrine i.v. in mice. (A) Liver, (B) Kidney, (C) Heart, and (D)
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as no change in particle size measurements before and after
yophilization process.

DSC (Fig. 2) and PXRD (Fig. 3) profiles of ASL nanoparticles were
ot affected, indicating that the crystalline state of ASL appeared
o be unaltered following the homogenization operation, which is
mportant for long-term stability. Dissolution rate was increased

ith ASL nanoparticles, as 42% of the drug was dissolved in follow-
ng 6 h from high pressure homogenized ASL compared to only 6%
or ultra-turrax milled ASL. Although, the dissolution enhancement
s clearly shown, it is still limited. Similarly, solubility enhancement
lso was observed with ASL nanoparticles.

The plasma pharmacokinetics of ASL when given in the nanosus-
ension formulation were markedly different compared to the
SL solution. The in vivo properties of a nanosuspension formu-

ation strongly depend on the nanoparticle size, dissolution rate,
nd nature and density of the coating (Rabinow, 2004). Particles
hat dissolve rapidly in the blood would be expected to exhibit
imilar pharmacokinetic behavior to a drug in solution form. This
as observed with flurbiprofen nanosuspension which had similar
harmacokinetics and tissue distribution as a flurbiprofen solu-
ion after i.v. administration in rats (Clement et al., 1992). This
as thought to be due to the rapid dissolution of the flurbiprofen
anoparticles in the blood stream.

However the in vitro dissolution results (Fig. 5) indicated that
he ASL nanoparticles may dissolve in the blood rather slowly, thus

aintaining concentrations for a longer duration. There is evidence
hat when the dissolution of the nanosuspension is not instanta-
eous, there is less toxicity associated with it, thus enabling higher

oading with safety (Boedeker et al., 1994). Although the plasma
UC of ASL nanosuspension was 40% of the AUC of the ASL solution,
he plasma profiles indicated that the nanosuspension formulation

aintained low plasma drug for a longer period of time. This effect
ight help to overcome the dose-limiting toxicity of ASL, which is

ssociated with peak ASL concentrations (Hardy et al., 1988).
The pharmacokinetic profile in mice after i.v. administration

f ASL nanosuspension resulted in a Cmax which is 66% of that
bserved after ASL solution, and was followed by a rapid drop in
lasma concentration to <1 �g/ml by 30 min. We suggest that this
ay be due to the rapid uptake of rather slowly dissolving ASL

anoparticles by the reticulate endothelial system (RES). Previous
tudies have shown that slow dissolving nanocrystals are taken up
y the phagocytic cells of the mononuclear phagocyte system (MPS)
Gao et al., 2008; Moghimi et al., 2001), primarily the Kupper cells
n the liver, spleen and lungs. As the phagocytoized drug particles
re subjected to the reduced pH of phagolysosomes (Mukherjee et
l., 1997), their pH-dependent solubility profile might permit dis-
olution of the compound. Their lipophilic character might permit
assage through the phagolysosomal membrane, and as a result
hey could leave the cellular vesicle, enter the cytoplasm, and then
xit the cell by diffusing down the drug concentration gradient
Rabinow, 2004). This effect will result in a pharmacokinetic profile
ith significantly reduced Cmax, but quite prolonged t1/2. This can

e very advantageous for certain drug classes, for which toxicity is
ediated by peak plasma values, but for which efficacy is driven

y AUC, as in the case of triazole antifungals (Andes, 2003).
The ASL nanocrystals in the phagocytic cells might slowly dis-

olve and diffuse into the blood circulation to maintain blood
oncentrations for a longer duration. This could be the reason that
fter ASL nanosuspension is given to the mice, a low ASL concen-
ration was observed for prolonged time. Higher plasma clearance

nd remarkably increased tissue concentrations could also support
apid clearance of ASL nanosuspension from the blood circulation
y the RES. Despite the enhanced plasma clearance, a longer elimi-
ation half-life for ASL nanosuspension was observed, likely due to
he enhanced distribution (6-fold) of the ASL-NS out of the blood-

B

B
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tream and uptake into the tissues such as the liver, kidney and
ungs. PEG-modification of the surface of slowly dissolving drug
rystals could reduce the macrophage uptake as observed with
anoparticles (Shenoy et al., 2005). This would increase circula-
ion time, and allow the particles to leak out of discontinuities
n tumour vasculature. This enhanced accumulation via the EPR
ffect results in passive targeting (Maeda and Matsumura, 1989).
herefore, the PEG-modification of ASL nanocrystals would avoid
acrophage uptake and allow for longer duration in the blood cir-

ulation. As a consequence enhanced tumour accumulation of the
anocrystals may occur.

For ASL-NS, the drug nanocrystals could circulate in the blood as
ubmicron particles for a certain time period. Then the nanocrys-
als might be recognized as foreign matter and rapidly cleared
y phagocytic cells of MPS which are abundant in special tissues
nd organs, such as liver and lung (Gao et al., 2008; Moghimi et
l., 2001). It was shown that the uptake of nanoparticles by RES
rgans following i.v. administration might take anywhere from
few minutes to hours, depending on particle size and compo-

ition (Manjunath and Venkateswarlu, 2005). Therefore the ASL
anocrystals in ASL nanosuspension had a markedly higher concen-
ration compared with ASL solution in these organs. Meanwhile the
rug concentration in kidney and heart decreased. Similar results
ere reported in literature (Peters et al., 2000).

In conclusion, the NS formulations of ASL, with the smaller
article size, can be effectively produced with the high pressure
omogenization method. The particle size obtained was suitable for

.v. administration. To overcome the particle growth during long-
erm storage of NS formulations, lyophilization was carried out in
rder to assess the feasibility of transferring NS in a dry product.
igh pressure homogenization was shown to be a simple and ade-
uate technique for drug particle size reduction and did not seem
o alter the crystalline state of the drug, which should be highly
elevant when considering drug stability during the storage. NS
ay give added value by allowing a reduction in either the dose

r its frequency of administration. Moreover, a NS formulation may
lso reduce the risk of undesired adverse effects related to the ini-
ial plasma peak, without losing the high overall exposure. The
harmacokinetic profiles of ASL when given in the nanosuspen-
ion formulation were different compared to the ASL solution. In
ur future work, we will evaluate whether this change in ASL phar-
acokinetics and tissue distribution will result in an increase in its

nti-tumour activity.
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