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a b s t r a c t

The aim of this work was to evaluate a crystalline nanosuspension of an investigational anticancer com-
pound, SN 30191. Solid forms of SN 30191 were prepared and characterized by thermal analysis, infrared
spectroscopy, 13C CP/MAS SSNMR spectroscopy, SEM and powder XRD. Wet milling was performed using
a high pressure homogenizer and process induced transformations were studied as a function of time
and pressure using infrared spectroscopy. Dose-toxicity and pharmacokinetics (PK) of the nanocrystal
formulation were evaluated in mice after intravenous administration. SN 30191 was found to exist in
eywords:
igh pressure homogenization
olid state
anosuspension
et milling

olymorph

two polymorphic forms (I and II) and a hydrate with an equilibrium solubility < 0.1 �g/ml (pH 1.3–11.0,
37 ◦C). Wet milling resulted in solid state transformation as a function of pressure. Form II was found
to transform into form I at intermediate pressures. A further increase in pressure resulted in formation
of a hydrate. The final nanosuspension consisted of SN 30191 as a hydrate. The dose-toxicity studies
revealed higher tolerance (∼4 times) for the nanosuspension (10 mg/kg) when compared with a solution
formulation (2.5 mg/kg). Compared with solution formulation, the nanosuspension allowed the delivery

ered
rocess induced transformation of a higher dose and rend

. Introduction

Nanosuspension can be used as a formulation approach when
H modification, co-solvents, surfactants and cyclodextrins are not
ufficient for the solubilization of a compound. Especially for com-
ounds at an early stage in drug discovery, nanosuspensions are
seful because co-solvents, surfactants and cyclodextrins, which
an per se modulate the PK of a compound, are avoided (Li and
hao, 2007). Although, nanosuspension can also alter the PK of a
olecule, depending on the dissolution rate of nanoparticles in

he blood, it is an important drug delivery strategy for ‘brickdust’
ompounds, which cannot be delivered using other approaches.

SN 30191 is an anti cancer compound synthesized by the
uckland Cancer Society Research Centre (ACSRC), the Univer-
ity of Auckland, New Zealand. Chemically, SN 30191 is an aniline

nalogue with a molecular weight of 350 g/mol (Fig. 1). It was syn-
hesized as an inhibitor of phosphatidylinositol 3-kinase (PI3-K).
his enzyme is a critical component in a major signal transduction
athway that controls various physiological processes including

∗ Corresponding author. Tel.: +64 9 373 7599x82836; fax: +64 9 367 7192.
E-mail address: s.garg@auckland.ac.nz (S. Garg).

1 Present address: School of Pharmacy, University of Connecticut, 69 North
agleville Road, Storrs, CT 06269, USA.
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oi:10.1016/j.ijpharm.2011.01.032
possible the performance of PK and tissue distribution studies in animals.
© 2011 Elsevier B.V. All rights reserved.

cell differentiation and proliferation. Its activation and/or over-
expression has been linked to a number of human cancers, by
disruption of the fine equilibrium between cell division, growth and
apoptosis leading to abnormal cell growth and possibly resistance
to therapy. Due to these reasons the PI3-K pathway is an attractive
target for anticancer drug discovery (Hennessy et al., 2005).

Screening assays and cellular inhibition studies performed in
the ACSRC suggested that SN 30191 is a potential anticancer com-
pound. However, it is very poorly water soluble (<0.1 �g/ml at
25 ◦C in water). Therefore, a nanosuspension formulation of SN
30191 was developed to facilitate its toxicity and pharmacoki-
netic studies. Wet milling by high pressure homogenization (HPH)
technique was used to prepare SN 30191 nanosuspension. In the
presence of high energy input during milling, there is a possibil-
ity of polymorphic transformations in a drug (Sharma et al., 2009).
There are currently no reports about the existence of different solid
forms (polymorphs, hydrates or solvates) of SN 30191. Therefore,
the first aim was to investigate polymorphism in SN 30191. Solid
forms of SN 30191 were prepared by different crystallization tech-
niques and subsequently characterized using differential scanning

calorimetry (DSC), thermal gravimetric analysis (TGA), infrared (IR)
spectroscopy, 13C CP/MAS (cross polarization magic angle) solid
state nuclear magnetic resonance (SSNMR) spectroscopy, scanning
electron microscopy (SEM) and powder X ray diffraction (PXRD).
The second aim of the study was to prepare and characterize a

dx.doi.org/10.1016/j.ijpharm.2011.01.032
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.2011.01.032
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Table 1
Various solvents and preparative conditions used and the corresponding solid forms
obtained for SN 30191.

Solvents and conditions Dielectric constant Solid forms

Crystallization by solvent evaporation
Acetone (1.0)a 20.5 Ib

Acetonitrile (0.6) 35.7 I
Tetrahydrofuran (0.8) 7.4 I
Methanol (0.4) 32.6 IIb

Ethanol (0.4) 24.8 I
Isopropyl alcohol (0.5) 20.2 I
Ethyl acetate (0.7) 6.0 I
Dichloromethane (1.0) 8.9 I
Dioxane (0.8) 2.2 I
Toluene (0.8) 2.4 I

Precipitation in water
Dimethyl formamide 37.2 Hb

N-methyl pyrrolidone 32.2 H
Dioxane 2.2 H

Crystallization from acetone
Rapid cooling 20.5 I
Slow cooling 20.5 I
Slow cooling, seeding with form I 20.5 I
Slow cooling, seeding with form II 20.5 I

2.2.2.2. HPH. The pre-milled suspension (25 ml) was subjected to
HPH by applying 10 pre-homogenization cycles at 500 bar followed
CH3
26

Fig. 1. Structure of SN 30191.

anosuspension of SN 30191. The formulations were evaluated
or particle size, changes in the solid state during and after wet

illing, and physical and chemical stability. Dose-toxicity studies
f SN 30191 were performed as an i.v. solution and nanosuspension
ormulation. The highest non-toxic dose selected from the toxicity
tudies was used in the PK and tissue distribution studies. Through-
ut this manuscript the term ‘HPH’ has been used synonymously
ith ‘wet milling’.

. Materials and methods

.1. Materials

Solutol® HS 15 (S15) and Cremophor® ELP were received as gift
amples from BASF (Germany). Poloxamer 407 (P407) was pur-
hased from Sigma (USA). Acetonitrile and methanol (HPLC grade)
ere purchased from Ajax Fine Chemicals (Australia). PEG 300 was
urchased from Applichem GmbH (Germany). Mannitol, dimethyl
ulfoxide (DMSO) and acetic acid glacial (HPLC Grade) were pur-
hased from Scharlau Chemie (Spain). All other reagents, solvents,
hemicals and solutions used were of AR grade. Water used in
he preparation of the mobile phase, formulations and buffers was
btained by reverse osmosis (MilliQ unit, Millipore, USA) of dem-
neralized water.

.2. Methods

.2.1. Preparation of SN 30191 solid forms
Different crystallization techniques were utilized to prepare the

olid forms of SN 30191. For each technique, experiments were
erformed in duplicate.

.2.1.1. Crystallization by solvent evaporation. SN 30191 was dis-
olved (0.4–1.0%, w/v, according to the solubility at 60 ◦C) in
ml of the selected solvents with varying polarities (Table 1).
he solution was filtered immediately into a 10 ml glass vial and
ept at room temperature in order to evaporate the organic sol-
ent. After solvent evaporation, the residue was vacuum dried at
0 ◦C for 24 h to ensure complete solvent removal from the solid
esidue.
.2.1.2. Precipitation in water. SN 30191 (20 mg) was dissolved in
water miscible organic solvent (as specified in Table 1). An accu-

ate volume of this solution was poured into 4 ml of water with
onstant stirring for 10 min. The resulting dispersion containing
he precipitated particles was filtered through a 0.2 �m nylon fil-
a Drug concentration (%, w/v) in parenthesis.
b I: form I; II: form II; H: hydrate; dielectric constant values for solvents were

obtained from reference (Gu et al., 2004).

ter, and the solid mass retained on the surface of the filter was
collected and vacuum dried at 30 ◦C for 24 h for complete solvent
removal.

2.2.1.3. Crystallization from acetone. SN 30191 (1%, w/v) was dis-
solved in acetone (4 ml) at 60 ◦C on a water bath. The warm solution
was filtered immediately and allowed to cool for 60 min either at
−20 ◦C or at room temperature. In addition, seeds of the solid forms
obtained from solvent evaporation were added to the filtrate and
kept at room temperature until the acetone was completely evapo-
rated. Following solvent evaporation, the residue was vacuum dried
at 30 ◦C for 24 h to ensure complete dryness.

All the samples obtained from the above mentioned procedures
were characterized by DSC, TGA, IR and SSNMR spectroscopy, SEM
and PXRD.

2.2.2. Nanosuspension formulation: HPH
HPH was performed using a piston gap high pressure homog-

enizer, Emulsiflex C-3 (Avestin Inc., Canada) attached to a heat
exchanger (Avestin Inc., Canada). The stabilizer solution was pre-
pared by dissolving P407 (1%, w/v) in deionized water, either alone
or in combination with 0.5% (w/v) S15.

2.2.2.1. Pre-milling. SN 30191 powder was dispersed at 1% (w/v)
in 50 ml stabilizer solution and premilled using an ultra-turrax
homogenizer (IKA Werke GmbH and Co., Germany). Precautions
were taken to avoid any generation of air bubbles during pre-
milling. After 30 min of pre-milling 25 ml was separated as a
pre-milled sample and the rest (25 ml) was used for high pressure
homogenization.
by 10 cycles at 1000 bar. Finally, homogenization was achieved
by applying 20 cycles at 1500 bar followed by 20 cycles at 1750
or 2000 bar. Following this, formulations were collected in 30 ml
glass vials. Three formulations were prepared for each stabilizer
composition.
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Male mice (C57 BL/6 strain) weighing 25–30 g were obtained
40 P. Sharma et al. / International Journ

.2.3. Characterization
Different techniques were used for the characterization of the

ompound. To evaluate the effect of wet milling on solid state, pre-
illed samples (obtained after dispersing the drug in the aqueous

hase with an ultra-turrax homogenizer) were compared to the
illed samples (obtained after HPH). In addition, samples were also

aken out at different stages of the process for characterization.

.2.3.1. Particle size analysis. Particle size analysis of the formula-
ions was performed by laser scattering, using a Mastersizer 2000
Malvern Instruments, UK) instrument. The measurement range
or particle size of this instrument is from 0.02 �m to 2000 �m.
or measurement, each formulation was added drop-wise to the
ample dispersion unit. The laser obscuration range was always
aintained between 10 and 20%. A refractive index value of 1.5
as used to analyze the particle size. The analysis was performed

n triplicate for each formulation and the average values of volume
istribution were reported. Average particle size was expressed as
(50) (50% of the particle volume below a certain size) and d(90) val-
es (90% of particle volume below a particular size). Span was used
o describe polydispersity and calculated as (d(90) − d(10))/d(50)).

.2.3.2. SEM. Morphological evaluation of the SN 30191 solid
orms was done using SEM. The samples were placed on carbon
pecimen holders, coated with platinum in a sputter coater (Polaron
C 7640), and observed using a scanning electron microscope,
hilips XL30S FEG (Philips, Eindhoven, Netherlands).

.2.3.3. IR spectroscopy. The IR spectra of suspension samples
ere recorded on a Bruker Tensor 37 (Bruker Optik, GmbH,
ermany) spectrometer using a MIRacle Micro ATR (attenuated

otal reflectance) attachment with a diamond crystal. For recording
f spectra, a drop of suspension was placed on the diamond crys-
al and compressed lightly using the pressure clamp. Scanning was
erformed in the 4000–400 cm−1 region with a resolution 4 cm−1,
rom 64 scans. The spectra reported were obtained by subtract-
ng the spectrum of the pure solution without the drug from that
f the nanosuspension. Data were analyzed using OPUS software
Bruker Optik GmbH, Germany) version 6.5. For the characteriza-
ion of solid forms, powder samples were placed on the crystal
urface and were compressed lightly using the pressure clamp. The
est of the procedure was the same as described above.

.2.3.4. DSC studies. For DSC analysis the pre-milled and milled
uspension samples were vacuum filtered through a 0.2 �m nylon
lter membrane and the wet precipitates were vacuum dried for
4 h to ensure complete dryness. For DSC studies of solid forms,
amples were used as such after crystallization and drying.

DSC was performed using a Q1000 TzeroTM module (TA Instru-
ents, USA). Heat flow and heat capacity calibration of the

nstrument was done using indium and sapphire, respectively.
owder samples (5–10 mg) were taken in crimped aluminium pans
nd heated at 10 ◦C/min (unless stated otherwise) above the Tm of
he drugs. Data were analyzed using Universal Analysis software
TA Instruments, USA) version 4.1D. All the measurements were
erformed in duplicate. Tm is reported as the onset temperature.

.2.3.5. TGA studies. Samples for TGA were prepared in a similar
ay as for DSC. TGA was performed on a TGA 50 H thermal anal-
sis instrument (Shimadzu Scientific Instruments, USA) linked to
ata analysis TA-60WS software (Shimadzu Scientific Instruments,
SA). 2.5 mg of samples were heated at 10 ◦C/min in open alu-
inium pans under a nitrogen purge up to 200 ◦C and a TGA trace
as recorded. All the measurements were performed in duplicates.
harmaceutics 408 (2011) 138–151

2.2.3.6. PXRD studies. Samples for PXRD were also prepared using
the same procedure as DSC studies. PXRD diffractograms were
recorded using a Bruker AXS diffractometer (D8 Advance, Bruker
AXS Inc., USA) with a Cu line as the source of radiation. Standard
runs using a 40 kV voltage, 40 mA current and a scanning rate of
0.02◦/min over a 2� range of 2–40◦ were used. Results were ana-
lyzed using Diffracplus EVA (Bruker AXS Inc., USA) software.

2.2.3.7. 13C CP/MAS SSNMR spectroscopy. The experiments were
carried out using a 7 mm Bruker double tuned probe with zirco-
nia rotors. The proton 90◦ pulse duration was 4.2 �s. The contact
time was 1.5 ms. The recycle delay was 2 s and the spectral-width
was 40 kHz. Experiments were carried out with 11,000 scans at
ambient temperature using samples enclosed in the rotors. The 13C
chemical shift scale is referenced to TMS. Samples were rotated at
7000 ± 1 Hz, and the magic angle was adjusted by maximizing the
sidebands of the 79Br signal of a KBr sample.

2.2.3.8. Solubility measurement. Solid forms. Solubility studies were
performed for forms I, II and hydrate of SN 30191. Phosphate buffers
(0.2 M) were prepared and the pH was adjusted from 1.3 to 11.0
using either phosphoric acid or potassium hydroxide. Approxi-
mately 0.2–0.5 mg of forms I, II and hydrate of SN 30191 were added
into the eppendorf tubes to which 250 �l of different pH buffers
were added (n = 3). Tubes were vortexed for 1 min and the pH was
measured using a micro electrode attached to a pH meter (Met-
tler Toledo, Switzerland). Samples were then incubated at 37 ◦C for
36 h in controlled temperature shaking water bath (SBD 50 Bio Maxi
Shake, Heto, Denmark). The samples were centrifuged for 5 min at
10,000 rpm and the precipitate along with the supernatant was col-
lected. The IR spectra of the precipitate were recorded on a Bruker
Tensor 37 spectrometer with ATR attachment as described above.
Supernatant was filtered through 0.2 �m filter and the pH was mea-
sured. The supernatant was directly injected onto the HPLC column
without further dilution.

Suspension. SN 30191 solubility was measured in pre-milled and
milled suspension samples. 0.5 ml of the sample (n = 3) was taken in
eppendorf tube and centrifuged at 10,000 rpm for 10 min, filtered
through 0.2 �m filter and injected onto the HPLC column.

2.2.3.9. Stability testing. The stability studies were conducted to
ensure the formulation quality during the period of the toxicity
studies (typically 1–2 weeks). Two formulations were prepared
(20 ml batch size) and stored at 4 ◦C for a period of 2 weeks. At each
time point (0 week and at the end of 1 and 2 weeks), formulations
were taken out and evaluated for assay, content uniformity, particle
size distribution and solid state transformations. For estimation of
assay and content uniformity, 50 �l (n = 5) of the formulation was
dissolved in 5 ml acetonitrile by vortexing for 5 min. 50 �l of this
stock was further diluted to 1 ml with acetonitrile and 10 �l was
injected onto the HPLC column. The concentrations were deter-
mined from the calibration curve, and percentage recovery was
calculated and expressed as mean ± SD. To determine the chemical
stability at each time point, the percentage area of the SN 30191
peak was compared with the total area of all the peaks in the chro-
matogram. For characterization of the solid state IR spectroscopy
was used.

2.2.4. Dose-toxicity, PK and tissue distribution studies
from Vernon Jansen Unit, the University of Auckland, New Zealand.
The animals were acclimatized for at least 1–2 weeks before exper-
imentation, fed a standard diet and allowed water ad libitum. All
animal experimental protocols were evaluated and approved by the
Animal Ethics Committee, University of Auckland, New Zealand.
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.2.4.1. Dose-toxicity studies. SN 30191 i.v. solution formulation. SN
0191 is practically insoluble in water but soluble in organic sol-
ents. Therefore, different compositions of DMSO, PEG 300, PBS
pH 7.4) and Cremophor® ELP were screened for solubilization of
N 30191. Based on the results, a final composition of 10% (v/v)
MSO, 40% (v/v) PEG 300, 50% (v/v) PBS and 0.5% (w/v) Cremophor®

LP was selected as the vehicle for the dose-toxicity studies of SN
0191.

SN 30191 i.v. nanosuspension formulation. The nanosuspen-
ion formulation was prepared using the same methodology as
escribed earlier and the final formulation consisted of 1% (w/v)
N 30191, 1% (w/v) P407, 0.5% (w/v) S15 and 4.4% (w/v) manni-
ol in water. The osmolality of the formulation was adjusted with

annitol to 295.0 ± 3.2 mOsm/kg and the pH of the formulation
as 5.6 ± 0.7.

SN 30191 solution (2.5 and 5 mg/kg) or nanosuspension (2.5, 5,
0, 15 and 20 mg/kg) were administered via the tail vein with a
ml Tuberculin syringe (Terumo Syringe, Philippines) fitted with a
6 gauge needle. Two mice were used for each dose and housed
eparately. Animals were injected with a pre-determined dose
sing 5 ml/kg as the maximum volume to be injected in a 20 g
ouse (Diehl et al., 2001). Control mice (two for each dose) were

njected with the appropriate vehicle without the drug. Following
he injection, the animals were observed immediately and twice
aily thereafter for a period of 14 days. Clinical signs of toxicity
uch as decreased physical activity, ruffled fur, hunched posture
nd loss or gain in the body weight were recorded.

.2.4.2. PK and tissue distribution studies. SN 30191 formulation and
dministration. Nanosuspension formulations were prepared using
he same methodology as described earlier. The highest non-toxic
ose (10 mg/kg) selected from the dose-toxicity studies was used
or PK and tissue distribution studies. Both, the nanosuspension
nd control were administered via the tail vein (5 ml/kg) with a
ml Tuberculin syringe (Terumo Syringe, Philippines) fitted with
26 gauge needle. At pre-determined time points (0, 5, 15, 30, 60

nd 90 min) three mice were anaesthetized with isoflurane. Blood
as collected from retro-orbital sinus into eppendorf tubes con-

aining 7.5% sodium ethylenediamine tetraacetate solution, and
entrifuged at 4500 rpm for 15 min for the isolation of the plasma.

The 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, both
lasma and tissue samples were stored at −20 ◦C until analysis. 5 �l
f internal standard (5 �g/ml) was added to each of the plasma and
issue homogenate samples. Protein precipitation of the plasma
nd tissue homogenate samples was carried out by the addition
f 1 ml of ice cold acetonitrile. After 1 min vortexing using a VX100
abnet vortex mixer (Labnet Int., NJ, US), the samples were kept
t −20 ◦C for 30 min. The samples were then centrifuged (Sigma
aborzentrifugen, Germany) at 4500 rpm for 15 min and the clear
upernatant was transferred to fresh eppendorf tubes and vacuum
ried using a vacuum centrifuge. The dried residue was then recon-
tituted in 100 �l of mobile phase and 10 �l was injected onto the
PLC column for analysis. A calibration curve was constructed as a

inear plot of peak area ratios between SN 30191 and internal stan-
ard against the SN 30191 concentrations. A best fit to a straight

ine was obtained using linear regression analysis.
The lowest standard (i.e., 0.1 �g/ml) on the calibration curve was

dentified as the lower limit of quantification as the analyte peak

as identifiable and reproducible with a precision of less than 20%.
calibration curve was prepared using six calibration standards

0.1–20 �g/ml, 5 �g/ml internal standard). Intra-day and inter-day
ccuracy and precision were determined by analysis of the 0.25, 2.5
nd 10 �g/ml concentrations. The overall precision and accuracy of
harmaceutics 408 (2011) 138–151 141

the method were determined by measuring %RSD and comparing
the means of the measured concentrations to their true concentra-
tions, respectively.

2.2.4.3. Analytical method. An Agilent series 1100 LC (Agilent
Corporation, Germany) comprising a quaternary pump, an
autosampler and photodiode array detector were used with data
acquisition by Chemstation® (Agilent Corporation, Germany). Sep-
aration of SN 30191 and internal standard (praziquantel) was
achieved with a Gemini C18 analytical column (250 mm × 4.6 mm,
particle size 5 �m) from Phenomenex, USA and a C18 precolumn
of the same packing (12.5 mm × 4.6 mm). A mobile phase consist-
ing of acetonitrile and 0.2% (v/v) acetic acid solution (65:35) was
used at a flow rate of 1 ml/min to elute the compounds. Sam-
ples were injected at 20 �l of injection volume and SN 30191and
internal standard were analyzed at wavelengths of 268 nm and
215 nm, respectively. The autosampler temperature was main-
tained at 10 ◦C and the sample run time was 9 min.

2.2.4.4. Pharmacokinetic analysis. The SN 30191 pharmacokinetic
parameters in mice were estimated by non-compartmental anal-
ysis (NCA) using WinNonlin software version 5.0 (Pharsight
Corporation, USA). The data were fitted to the NCA using a weighed
least square algorithm with uniform weighing. The elimination rate
constant (�) was determined as the slope of the terminal phase of
log-linear concentration–time curve. The elimination half-life t1/2
was calculated as ln(2)/�. The area under the concentration–time
curve (AUC) from time zero to the last quantifiable concentra-
tion (Ct) was calculated by the log-linear trapezoidal rule. The
AUC extrapolated to infinity was determined from the formula
AUC0–∞ = AUC0–t + Ct/�. Other parameters, clearance (CL), volume
of distribution at steady state (Vss) and mean residence time (MRT)
were calculated using the following equations: CL = dose/AUC;
Vss = CL × MRT, and MRT = AUMC/AUC where AUMC represents the
total area under the first moment of the concentration–time-curve,
computed in a similar way to that used for AUC. Statistical analysis
was performed by SigmaStat 3.5 using Student’s t-test or one-way
ANOVA and a p value < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of solid forms

Two techniques were utilized for the polymorph preparation
in the present study, solvent evaporation (using single solvent)
and anti-solvent precipitation in water. In addition, the effect of
the cooling rate on the polymorph generation was also studied
(Table 1).

During the solvent evaporation process, the nature of the
solvents employed affect crystallization (Li et al., 1996). Specif-
ically, solvent interaction with the molecular aggregates of the
drug present in the supersaturated solution is a determinant of
the final crystal form and has been previously reported to affect
acetanilide crystallization (Guillory, 1999). In a supersaturated
solution, acetanilide exists as chains of hydrogen bonded aggre-
gates, which upon crystallization align along the needle axis and
form long needle shaped crystals. Therefore, non-polar solvents
that do not disrupt the hydrogen bonding in the acetanilide aggre-
gates result in the formation of needle shaped crystals. On the other
hand, solvents that are proton donors or acceptors (such as acetone)
compete with the amide molecules in acetanilide for hydrogen

bonding sites and inhibit the formation of hydrogen bonded aggre-
gates, resulting in the formation of rod shaped crystals.

Crystallization of SN 30191 was performed using eight solvents
with varying polarities. As shown earlier in Table 1, crystallization
from all the solvents resulted in form I suggesting that the polarity
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ig. 2. DSC thermograms and TGA (inset) traces of three solid forms of SN 30191;
howed single melting peak with Tm as 178.5 ◦C. Hydrate showed two endothermic
he melting point. Hydrate showed 3.9% weight loss up to 110 ◦C and no further we

f the solvent had no effect on the crystallization of SN 30191. Form
I was crystallized from methanol and anti-solvent precipitation
esulted in the formation of a hydrate. These three solid forms (I,
I and hydrate) were characterized using the different techniques
escribed below. The results obtained for duplicate experiments
ere consistent in all the cases.

.2. Characterization of solid forms

The DSC thermogram (Fig. 2) of form I showed Tm at 178.5 ◦C
ith an enthalpy of fusion (�Hm) of 89.9 J/g (Table 2) whereas form

I showed two endothermic peaks (P1) at 172.9 ◦C (Tmax = 178.2 ◦C)
nd (P2) at 179.8 ◦C (Tmax = 181.1 ◦C). For both the solid forms, TGA
inset in Fig. 2) showed no weight loss up to the Tm, indicating an
bsence of any solvated or hydrated form. The DSC study of form
I showed that upon heating it undergoes a concurrent transition
t 172.9 ◦C (P1) with simultaneous re-crystallization of a new crys-
alline form (form I). This was followed by the melting of the new
orm (form I) at 179.8 ◦C. Due to the concurrent transitions it was
ifficult to determine the �Hm of the lower melting form II and
stablish thermodynamic stability. To separate the two transitions
n form II, high heating rates were utilized, however, increasing the
eating rate at more than 20 ◦C/min resulted in an unstable base-

ine. Therefore, a maximum heating rate of 20 ◦C/min was used. As
hown in Fig. 3, as compared with lower heating rate, increasing

he heating rate to 20 ◦C/min resulted in the appearance of a better

elting peak of form II compared to lower heating rates. However,
clearly separate endothermic peak, which is required for peak

ntegration and calculation of enthalpy, could not be obtained.

able 2
hermodynamic parameters derived from DSC of SN 30191 solid forms.

Tm (◦C) Tmax (◦C) �Hm (J/g)

Form I 178.5 180.6 89.9

Form II P1 = 172.9 178.2 NA
P2 = 179.8 181.1

Hydrate 179.6 181.2 87.4

m: melting temperature, Tmax: peak maximum temperature, �Hm: enthalpy of
elting. NA: not applicable due to the occurrence of concurrent transition.
s I, II and hydrate. DSC: form II showed concurrent transitions (P1 and P2). Form I
itions at 92 ◦C and 179.6 ◦C. TGA: forms I and II did not show any weight loss up to
ss up to the melting point.

Anti-solvent crystallization of SN 30191 resulted in the forma-
tion of a different solid form. The DSC thermogram showed two
endothermic peaks at approximately 92 ◦C and 179 ◦C as onset tem-
peratures and TGA trace indicated a weight loss of 3.9% up to 110 ◦C
(Fig. 2). As the temperature range for this weight loss was close
to the boiling point of water, the form obtained following anti-
solvent crystallization appeared to have a molecular interaction
with water, resulting in the formation of a hydrate. As the Tm for
this form at 179 ◦C is similar to the Tm of form I, it appears that this
solid form is a hydrate of form I.

IR spectroscopy was performed to confirm the results obtained
from thermal analysis. Each SN 30191 solid form showed a charac-
teristic IR spectrum (Fig. 4). Finger print regions of the three forms
showed differences in the bands. As expected, the spectra were
dominated by the bands from the pyrido-pyrimidine and meta sub-
stituted benzene ring (in the 1600–1500 cm−1 region). The hydrate
showed two broad bands in the 3400–3500 cm−1 region, corre-
sponding to the presence of a free and bonded–OH group. The
position of the amide I band (C O stretching mode in mesomeric
effect with N at position 1) was observed at 1672 cm−1 in form I and
shifted to 1661 cm−1 in hydrate. However, the band at 1116 cm−1,
due to C–O–C anti-symmetric stretch, remained unchanged in the
three solid forms.

Further evidence for the different solid state structures was pro-
vided by PXRD patterns, which were different for each solid form
(Fig. 5). PXRD peaks were intense and sharp for form I compared
to form II, indicating that form II probably has a more disordered
structure. Moreover, at high 2� angles (20–25◦), form I peaks were
more intense than those for form II, indicating a high degree of
crystallinity for form I. The PXRD pattern of the hydrate was differ-
ent from those of forms I and II. This showed that all the three solid
forms have different molecular arrangements in their crystal struc-
ture. This was also observed in the SEM micrographs of the three
solid forms (Fig. 5). Form I comprised irregular shaped crystals with
a non-uniform surface, whereas form II crystals showed a fibrous
appearance. The hydrate showed the presence of a mix of thin nee-

dle shaped crystals and fibers. The 13C CP/MAS NMR spectra of the
two polymorphic forms are shown in Fig. 6. Peak assignments were
made by comparison with the chemical shifts obtained from solu-
tion NMR (Table 3). Significant differences were obtained in the
chemical shifts of the two forms and multiple peaks were observed
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Fig. 3. DSC thermograms of form

or several carbons (e.g. C7, C11, C26, C25, C14, C16). Compared

ith form 1, peak positions and intensities were different for form

. These results further supported the presence of two solid forms
f SN 30191.

Results of the solubility studies showed that all the three solid
orms are poorly soluble in water in the pH range of 1.3–11.0 at

Fig. 4. IR spectra of SN 30191 solid forms; form I, form II and hydrate (t
30191 at different heating rates.

37 ◦C. This also indicates that the compound is non-ionized over the

pH range 1.3–11.0 as ionizable compounds are expected to show
higher solubility. SN 30191 peak was not observed in any of the sol-
ubility studies samples indicating a solubility of less than 0.1 �g/ml
(limit of detection of the assay) for SN 30191. IR spectra obtained
for the residue left in the eppendorf tubes did not show any poly-

op to bottom). The changes observed in the spectra are encircled.
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Fig. 5. PXRD and SEM micr

orphic transformation during the period of the solubility study,
ndicating that the poor solubility of the solid forms is not due to a
hange in the solid state.
Considering SN 30191 as a non-electrolyte, a general solubility
quation can be used to predict its solubility (Yang et al., 2002).

og Su = 0.5 − log P − 0.01(Tm − 25) (1)

able 3
3C NMR chemical shifts and peak assignments for solid forms of SN 30191.

Assignments 13C chemical shift (ppm)

Solution Form I Form II

C2 66.5 66.1 65.7
C3 44.7 44.2 42.6
C7 159.8 159.0 158.3
C11 159.1 157.3 157.3
C12 81.9 80.4 79.9
C13 135.7 133.5 136.3
C14 112.6 113.5 113.8
C15 123.0 123.8 –
C16 114.2 114.7 117.6
C19 140.2 140.9 141.9
C20 118.5 – 119.8
C21 129.4 128.4 130.0
C23 139.6 139.3 139.4
C24 122.4 122.8 122.6
C25 18.8 18.8 19.2
C26 21.5 21.5 21.4
s of SN 30191 solid forms.

where Su is the molar solubility expressed in mol/l. For calculat-
ing solubility using Eq. (1), a melting point of 179 ◦C was used
(as obtained from DSC). A log P value of 4.11 was calculated
using Molecular Modeling Pro software (Chemistry Software Ltd.,
UK). This software calculates log P based on Moriguchi’s method
(Moriguchi et al., 1992). Putting the Tm (melting point) and log P
value in Eq. (1), a solubility value of 2.5 �g/ml was obtained.
Although, the value calculated using the above equation was 25
times higher than the experimental value, it shows that SN 30191
is a poorly water soluble compound.

It should be noted that the solubility calculation performed
using Eq. (1) does not provide the true solubility of SN 30191,
but rather it indicates that SN 30191 has poor water solubil-
ity and hence supports the experimental results. There are many
methodologies reported in the literature for solubility predic-
tions other than Eq. (1) (Delaney, 2005). These methods are
based on some assumptions. When any of the assumptions are
not valid, there may be a deviation in the experimental and
calculated solubility values. For example, calculation of solu-
bility using Eq. (1) is based on four assumptions (Ran et al.,
2002)—(i) van’t Hoff equation describes the ideal solubility of a
compound and Walden’s rule describes the melting entropy (gen-

erally 56.5 J/K mol), (ii) log P is equal to the ratio of octanol–water
solubility ratio, (iii) for complete miscibility, the molar solubil-
ity of a solute in octanol is 3.15 and (iv) in the presence of
water the melting point of the solute does not change. Any non-
compliance with these assumptions would result in a solubility



P. Sharma et al. / International Journal of Pharmaceutics 408 (2011) 138–151 145

v
2

3

n
a
b
r
[
2
c
e
a
(
c
c

Table 4
Effect of high pressure homogenization and stabilizer on the particle size distribu-
tion of SN 30191 forms I and II.

Samples Span Size distribution (�m) % <1 �m

d(10) d(50) d(90)

Pre-milled form I 3.44 0.93 4.71 17.12 25
Milled form I + P407 91.31 0.08 0.13 11.95 84
Milled form I + P407+S15 13.38 0.08 0.13 1.82 87
Pre-milled form II 49.51 0.37 1.03 51.37 45
Milled form II + P407 2.5 0.05 0.10 0.30 99
Milled form II + P407+S15 0.9 0.06 0.10 0.15 100

Data shown are the mean values obtained from the particle size analysis of three

F
s

Fig. 6. 13C SSNMR of SN 30191 solid forms.

alue different from the true solubility of the compound (Ran et al.,
002).

.3. Nanosuspension formulation and characterization

1% (w/v) concentration of SN 30191 was used for homoge-
ization. P407 and S15 were selected as the stabilizers. P407 is
copolymer of ethylene oxide (EO) and propylene oxide (PO)

locks that are arranged in a triblock structure EOx–POy–EOx,
epresented chemically as HO[CH2–CH2O]x [CH(CH3)–CH2O]y

CH2–CH2O]xOH—where y is greater than 14 (Dumortier et al.,
006). It forms micelles at higher concentrations (critical micelle
oncentration (CMC) of 4% (w/v) in water at 20 ◦C) (Alexandridis

t al., 1994). S15 (macrogol-15 hydroxystearate) is a mixture of
bout 70% polyglycol mono- and diesters of 12-hydroxystearic acid
lipophilic part) and 30% molecules consisting of polyethylene gly-
ol (hydrophilic part) (Strickley, 2004). S15 forms micelles at low
oncentrations (0.02%, w/v) (Buszello et al., 2000) and is commonly

ig. 7. Particle size distributions of SN 30191 form I (a) and form II (b) before and after
hown are the mean values obtained from the particle size analysis of three independent
independently prepared suspensions.
P407: Poloxamer 407, S15: Solutol HS 15; span value ∼1 indicate good polydisper-
sity.

used as a solubilizing agent in injectables and oral formulations
(Strickley, 2004).

To assess the effect of the stabilizer on the physical stability
and solubility of SN 30191 nanosuspension, two compositions of
stabilizers were employed. Composition A consisted of 1% (w/v)
P407 and composition B comprised a mixture of 1% (w/v) P407 and
0.5% (w/v) S15. In composition A, at 1% (w/v) concentration, P407
acts as a non-micelle forming stabilizer and stabilizes the parti-
cles through steric effect. However, composition B consisted of a
non-micelle forming (P407 at 1%, w/v) as well as a micelle forming
stabilizer (S15 at 0.5%, w/v).

Forms I and II of SN 30191 were used for HPH. All the sam-
ples were characterized for particle size, solubility and solid state
transformation, before and after HPH.

3.3.1. Visual observation
Visual observation of the filtered and vacuum dried milled sam-

ples did not show any colour change following wet milling and
an off-white coloured powder similar to pre-milled sample was
observed.

3.3.2. Particle size
The HPH of forms I and II resulted in a significant reduction of the

particle size (Fig. 7). 25% of the particles in form I pre-milled sample
were below 1 �m (Table 4). Following milling 84% of the particles
stabilized with P407 were below 1 �m and 87% with P407 + S15.
In the case of form II, 45% of the particles were below 1 �m before

milling and more than 99% of the particles were less than 1 �m
after milling, using either P407 alone or in combination with S15.
The average particle size of the milled forms I and II, with either
stabilizer composition, was less than 150 nm.

high pressure homogenization (P407: Poloxamer 407, S15 – Solutol HS 15). Data
ly prepared suspensions.
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tate the super saturation and formation of stable form I and further
ig. 8. PXRD patterns of milled SN 30191 (forms I and II with P407 + S15 as stabi-
izer). PXRD pattern of the hydrate has been included to assist identification of the

illed samples.
.3.3. Solid state transformation
HPLC analysis of the samples post-HPH indicated no chemical

egradation. The PXRD pattern of the milled samples (both forms
and II) indicated similarities to the hydrate of SN 30191 (Fig. 8).

Fig. 9. DSC thermograms of milled form I with P407 (top) and P407 + S15 (
harmaceutics 408 (2011) 138–151

This indicated solid state transformation in forms I and II during
HPH.

The DSC thermogram of the milled forms I and II showed three
endothermic peaks—P1, P2 and P3 (Figs. 9 and 10). Endothermic
peak P1 was due to P407, P2 due to the dehydration of the hydrate
and P3 was the melting peak. TGA trace (Fig. 10) also indicated
weight loss close to 100 ◦C, supporting the observation that milling
resulted in the formation of the hydrate.

To monitor the solid state transformation during the HPH pro-
cess, IR spectra of the samples were obtained as a function of
homogenization pressure after milling at (a) very low (<500 bar
using ultra-turrax); (b) low (500 bar); (c) medium (1000 bar); (d)
high (1500 bar) and (e) very high pressures (1750 bar).

During the milling of form II, as the pressure was increased from
500 to 1500 bar an IR spectra corresponding to form I started to
appear (Fig. 11). Further increase in pressure to 1750 bar, resulted
in the formation of hydrate. However, when homogenization was
discontinued after milling up to 1500 bar, hydrate formation was
not observed immediately. But after 24 h, the nanosuspension
consisted predominantly of hydrate. Form I also showed hydrate
formation but only after milling at 1750 bar. However, after milling
up to 1500 bar, when stored for 1 week, hydrate formation was not
observed in the suspension. The kinetics of hydrate nuclei forma-
tion from forms II and I involve considerable energy barrier. The
nuclei growth follows from (i) dissolution of metastable solid to
form supersaturated solution and (ii) diffusion of ‘growing molecu-
lar units’ to form a stable phase (Zhang et al., 2002). The application
of high energy during wet milling of form II up to 1500 bar facili-
application of high energy up to 1750 bar pressure leads to for-
mation of hydrate. When milling is performed using form I, super
saturation leading to the formation of hydrate is not produced up
to 1500 bar and therefore hydrate formation is not observed.

bottom) as the stabilizer (P407: Poloxamer 407, S15: Solutol HS 15).
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ig. 10. (a) DSC thermograms of milled form II with P407 (top) and with P407 + S15
solid line) as stabilizers (P407: Poloxamer 407, S15: Solutol HS 15).

IR spectra obtained immediately (0 h) after pre-milling (low
ressure homogenization using ultra-turrax) form II showed no
hange in the spectra (Fig. 12). However, after 24 h, spectral changes
ere observed, and following 72 h a spectra similar to form I was

btained. Hydrate formation was not observed even after storage
or 1 week. This change in the IR spectra was irrespective of the
torage temperatures (4 and 25 ◦C) and stabilizer composition.

Above mentioned results indicate that both forms I and II were
table in dry state at room temperature with a minimal transforma-
ion tendency. Low pressure mechanical activation (as applied by
ltra-turrax) led to the transformation of form II–I; however, this
ransformation was relatively slow. When high pressure mechan-
cal activation was applied using a high pressure homogenizer,
ransformation of form II to form I was rapid. Furthermore, hydrate
ormation was observed only after mechanical activation of form
at high pressure. The transformation of form II–I and then to
ydrate involves a considerable energy barrier which was over-
ome by application of mechanical energy. In the absence of milling,
rystals of forms II and I did not show any transformation tendency
hen stored for a period of four weeks in stabilizer solution.

Solid state characterization revealed that the nanosuspension
ormulations consisted of hydrate, irrespective of the solid form
nitially used for milling. Formation of hydrate may affect other

roperties such as particle size and solubility. However, particle
ize analysis of the nanosuspensions showed that with both the sta-
ilizer compositions, the average particle size was less than 150 nm.
his indicated that both the stabilizer compositions were effective
n preventing the agglomeration of particles. Therefore, the next
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ig. 11. IR spectroscopy of form II as a function of homogenization pressures (from botto
he samples.
m) as the stabilizer. (b) TGA traces of form II with P407 (broken line) and P407 + S15

step was to evaluate the effect of HPH on the solubility of SN 30191
present as hydrate.

3.3.4. Solubility studies
Solubility studies of the pre-milled samples (forms I and II) were

carried out after 24 h storage following HPH to allow the forma-
tion of the hydrate. The solubility of hydrate was <0.1 �g/ml in the
presence of P407. In the presence of P407 + S15 (combination) there
was an increase in the solubility and mean solubility values were
4.5 �g/ml (initially form I) and 3.9 �g/ml (initially form II), respec-
tively. For the same stabilizer composition, there was no significant
difference between the solubility values (Fig. 13).

The presence of S15 at 0.5% (w/v) concentration (more than its
CMC) together with P407 increased the solubilization of the dis-
persed particles through micellization. When used alone, P407 is
present as monomers at 1% (w/v) concentration (below its CMC).
At this concentration it prevents the agglomeration by steric repul-
sion, however due to the absence of micellization there was no
increase in solubilization.

When compared with pre-milled samples, there was a signifi-
cant (p < 0.05) increase in the solubility of milled samples (Fig. 13).
The milled samples showed about a 4-fold increase in solubility in
the presence of P407, whereas with the P407 + S15 combination an

8-fold increase was observed compared with pre-milled samples.

Particle size reduction in the nanometer range leads to a signif-
icant increase in the surface area of the particles. In addition, there
is an increased dissolution pressure and reduced diffusion layer;
both these factors lead to an increased solubility of the nanosized

80010001200

ber cm-1

m to top). IR spectrum of the hydrate has been included to assist identification of



148 P. Sharma et al. / International Journal of Pharmaceutics 408 (2011) 138–151

venum

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

Form II

0 hr

24 hrs

72 hrs

Form I

F als (0,
a

d
t
p
o
e
e
f
P

P
3
t
t
a
i
t

F
f
o
c
P
b

140016001800

Wa

ig. 12. IR spectroscopy of form II pre-milled suspension sample at different interv
ssist identification of the samples.

rug in water (Galli, 2006; Keck and Muller, 2006). This could be
he reason for the increase in the solubility (∼4 fold) of milled sam-
les when only P407 was present as the stabilizer. In the presence
f the P407 + S15 combination there is an additional solubilization
ffect due to the presence of S15 micelles (at 0.5%, w/v). The syn-
rgistic effect of nanosizing and micellization may be responsible
or the greater increase (8-fold) in solubility in the presence of
407 + S15.

Results from the solubility studies show that a combination of
407 + S15 was more efficient in increasing the solubility of SN
0191 than P407 alone. Particle size analysis also showed that for
he same stabilizer composition (P407 + S15), the upper end par-
icle size was below 400 nm. It is interesting to note here that

lthough there was a solid state transformation during wet milling,
t did not have any significant effect on the particle size distribu-
ion.

ig. 13. Solubility of forms I and II of SN 30191 as a function of milling and sur-
actant composition. After milling there was a significant increase in the solubility
f SN 30191. However, between forms I and II, there was no statistically signifi-
ant (p > 0.05) difference (*) in the solubility. Out of the two stabilizer compositions,
407 + S15 combination was more effective (p < 0.05) in increasing the solubility of
oth the forms (P407: Poloxamer 407, S15: Solutol HS 15).
80010001200

ber cm-1

24 and 72 h, from top to bottom). IR spectra of forms I and II have been included to

3.4. Stability studies

For the study, two nanosuspensions (20 ml batch size) contain-
ing form I (200 mg) were prepared using the procedure described
earlier. The stabilizer solution consisted of 1% (w/v) P407 and 0.5%
(w/v) S15 in water. Osmolality of the formulation was adjusted to
295.0 ± 2.6 mOsm/kg with mannitol (4.4%, w/v) and the pH of the
formulation was 5.8 ± 0.5. Mannitol was dissolved in the stabilizer
solution before pre-milling.

The early stage formulations for the animal studies are intended
for short term use. Therefore, stability testing was performed for
over two weeks. Assay and content uniformity of the formulation
was assessed to ensure uniform delivery of doses during in vivo
studies. Recovery was calculated from the assay results. Average
recovery of SN 30191 was approximately 95.5 ± 0.9% (Table 5) for
both the formulations. Complete recovery of the drug from the
high pressure homogenizer was not possible as some formulation
remained inside the pump or homogenization valve, resulting in
low recovery values. The content uniformity of the two formula-
tions was good (%RSD < 2.5%) and indicated a uniform dispersion of
the particles in the formulation throughout the duration of stabil-
ity studies. No significant increase in upper end particle size was
observed over time indicating the absence of agglomeration.

The chemical stability of SN 30191 was determined by calculat-
ing the percentage area of the SN 30191 peak compared with other
peaks in the HPLC chromatogram. The placebo sample prepared in
the same way as the formulation was also analyzed and area of SN
30191 peak was compared against the placebo peaks for evaluation
of degradation. No significant degradation was obtained at any of
the time points, indicating a good chemical stability of SN 30191 in
the formulation (chromatograms not shown). IR spectra indicated
the presence of SN 30191 hydrate in the milled suspension at all
the time points.

Despite the solid state transformation during milling, the phys-
ical and chemical stability of the formulation was not adversely
affected. Therefore, this composition was selected for the dose-
toxicity, PK and tissue distribution studies.
3.5. Dose-toxicity studies

SN 30191 is an investigational drug, and thus, there are no
reports regarding the maximum tolerated dose (MTD) that can
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Table 5
Results of stability studies of SN 30191 nanosuspensions.

Week 0 1 2

Formulation A B A B A B

Assay 1 195.4 190.2 194.9 190.6 191.2 196.3
Assay 2 191.4 188.4 190.6 190.2 194.9 190.1
Assay 3 190.1 191.1 191.3 188.6 192.4 188.2
Assay 4 192.3 190.0 195.2 186.1 190.2 185.2
Assay 5 193.6 190.2 190.5 189.3 194.2 185.4
Average (mg) 192.6 190.0 192.5 189.0 192.6 189.0
Content uniformity (%RSD) 1.1 0.5 1.2 0.9 1.0 2.4
% recovery 96.3 95.0 96.2 94.5 96.3 94.5
Solid state Hydrate Hydrate Hydrate Hydrate Hydrate Hydrate
Stability (% remaining) 100.0 100.0 99.2 99.5 99.6 99.8

1.4 1.2 1.3 1.4

T point assay was performed on five samples (assay values 1–5). No significant difference
( .96) and particle size (p = 0.65) values of the stability samples.
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Nanosuspension

of nanoparticles depends upon the particle size and surface coating.
A nanoscaled particle (<100 nm) coated with a hydrophilic sta-

bilizer (typically PEG with a molecular weight of 2000) can avoid
opsonization and remain circulating in the blood for a longer

Table 6
PK parameters following the i.v. administration of SN 30191 nanosuspension at a
dose of 10 mg/kg.

PK parameters

AUC0–∞ (�g ml−1 h) 2.34 ± 0.08
Particle size [d(90)] (�m) 1.3 1.2

wo nanosuspensions A and B were prepared for stability study and at each time
one-way ANOVA) was observed between average assay (p = 0.97), % recovery (p = 0

e administered in mice. Therefore, dose-toxicity studies were
erformed to determine the MTD of SN 30191 as a solution and
anosuspension formulation.

SN 30191 is practically insoluble in water. Therefore, for the
reparation of a solution formulation, water soluble organic sol-
ents (DMSO, PEG300) and surfactant (Cremophor® ELP) that are
ommonly used in the development of early stage formulations
ere employed (Li and Zhao, 2007). The concentration of each com-
onent was within the maximum limit that can be injected safely

nto animals through an i.v. route without causing any adverse
ffects (Li and Zhao, 2007).

After i.v. injection of the 2.5 mg/kg SN 30191 solution, one
ouse was moribund and hence was euthanized. Moreover, at
mg/kg, the mice died within one min of i.v. dosing. However, ani-
als treated with nanosuspension at 2.5, 5 and 10 mg/kg showed

o visible signs of toxicity. After administration of nanosuspension
t 15 mg/kg dose, one animal was moribund for an initial one min
ollowed by a rapid recovery. In addition, at 20 mg/kg dose, the
nimals were moribund for a period of 10 h followed by a slow
ecovery over 24 h. However, no deaths were observed. There was
o significant difference in the body weight at any of the doses of
anosuspension formulation for the duration of the study (14 days)
ompared with the control group. Similar results of an increase
n tolerability of a nanosuspension over a solution formulation
ave been previously reported for itraconazole, where 80 mg/kg
f nanosuspension formulations showed no effect on any of the
bserved parameters compared with a 20 mg/kg dose of a solution
ormulation (Rabinow et al., 2007).

The MTD determined from the dose-toxicity study of the solu-
ion formulation was 2.5 mg/kg. This dose was too low to perform
K studies as the concentration in plasma and tissues would be
ess than the limit of quantification (0.25 �g/ml) of the HPLC assay.
herefore, PK studies were preformed only for the nanosuspension
ormulation for which the MTD was 10 mg/kg.

.6. PK and tissue distribution

The PK and tissue distribution of SN 30191 was determined
ollowing i.v. administration of the nanosuspension formulation.
he blood concentration–time curve and PK parameters follow-
ng i.v. administration of SN 30191 nanosuspension (10 mg/kg)
re shown in Fig. 14 and Table 6, respectively. The nanoparticles
ere rapidly cleared from the circulatory system resulting in a
hort plasma half-life of 0.57 ± 0.15 h and a low plasma AUC value
2.34 ± 0.08 �g ml−1 h). Although, PK data for SN 30191 solution
ormulation is not available for comparison, the CL of nanoparti-
les from blood seems high (Table 6). In addition, a high value of
ss indicated that the drug was primarily accumulated in tissues.
Fig. 14. SN 30191 concentration–time profile in plasma after i.v. administration
of nanosuspension at a dose of 10 mg/kg of SN 30191. Each point represents the
mean ± SD of n = 3 mice.

Following i.v. administration, nanoparticles of a poorly water
soluble drug encounter a sink environment in the circulatory sys-
tem. The following in vivo scenarios have been suggested (Wong
et al., 2008) regarding the fate of the nanoparticles.

If the drug dissolves immediately after injection it may exhibit a
profile similar to the solution formulation of the drug. This has been
reported for flurbiprofen (solubility < 10 �g/ml), and the nanopar-
ticle formulation showed a similar pharmacokinetic profile and
tissue distribution characteristics to that of the solution formula-
tion (Wong et al., 2008). However, a nanosuspension formulation
was preferred over solution as flurbiprofen solution has a higher
pH that could be irritating during injection.

If the drug does not dissolve immediately upon injection the
nanoparticles will be recognized as foreign matter by the immune
system, resulting in opsonization (Wong et al., 2008). Opsonization
MRT (h) 0.65 ± 0.07
t1/2 (h) 0.57 ± 0.15
CL (ml h−1 kg−1) 4272.05 ± 150.60
Vss (ml/kg) 2766.10 ± 188.32

Values represent the mean ± SD of n = 3 mice.
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ig. 15. SN 30191 concentration (normalized to weight) in liver, kidney and heart at
ifferent time points following i.v. administration of the nanosuspension at a dose
f 10 mg/kg. Each point represents the mean ± SD of n = 3 mice.

uration. Long circulating nanoparticles have been reported to
electively accumulate in the tumor through the leaky tumor vascu-
ature by Enhanced Permeability and Retention (EPR) effect (Wong
t al., 2008). This results in an enhanced tumor specificity of a drug.

If the particle size or surface coating is not adequate to avoid
psonization of nanoparticles, macrophage uptake may occur. This
as been reported for itraconazole (Rabinow et al., 2007) where
fter injection of nanosuspension (80 mg/kg), the particles were
ndocytozed in phagolysozome in macrophages of RES organs
esulting in a drop in Cmax. However, due to the continued release
f the dissolved drug in the blood after phagocytosis, high AUC was
bserved. Similar results were reported by Ganta et al. (Ganta et al.,
009) for asulacrine nanosuspension (30 mg/kg) where a drop in
max and higher MRT were observed compared with the solution
ormulation.

SN 30191 accumulation in the liver, kidney and heart is shown
n Fig. 15 and AUC values of the respective tissues are presented
n Table 7. A high drug concentration was obtained in the kidney
ollowed by the liver and heart. Furthermore, very low concentra-
ions were observed in the lungs after 5 min (0.41 ± 0.09 �g/ml),
ollowing which the concentrations were too low to be determined
y the assay.

High concentrations of SN 30191 in kidney, liver and heart indi-
ate a rapid dissolution of SN 30191 nanoparticles in the blood
ollowing i.v. administration. The factors that may aid rapid dissolu-
ion include the nanometer size (less than 150 nm) of the particles
nd the micellization effect of the stabilizers. Moreover, SN 30191
s a lipophilic compound (log P 4.11) and after dissolution in the
lood it is expected to distribute more in the tissues as compared
o the blood (Ritschel and Kearns, 1998). The high Vss observed in
he plasma (Table 6) also supported the higher tissue distribution.
owever, the possibility of macrophage uptake cannot be com-
letely ruled out. Considering a total blood volume in a mouse to
e 1.7 ml (85 ml/kg, Li and Zhao, 2007), at a dose of 10 mg/kg, the

otal amount of drug in the blood which requires solubilization is
.117 mg. Given that the saturation solubility (and hence the disso-

ution velocity) of the drug is low (less than 0.1 �g/ml), there will be
anosized particles circulating in the blood immediately after i.v.
dministration. The particles that did not dissolve instantaneously

able 7
omparison of tissue AUCs following i.v. administration of the nanosuspension at a
ose of 10 mg/kg of SN 30191.

Tissues AUC0–∞ (�g g−1 h)

Liver 9.31 ± 0.91
Kidney 12.96 ± 0.44
Heart 8.35 ± 1.11

alues represent the mean ± SD of n = 3 mice.
harmaceutics 408 (2011) 138–151

might have been taken up by the liver macrophages leading to a
high concentration in liver.

4. Conclusion

SN 30191 is a poorly water soluble anti-cancer compound.
Using two crystallization techniques, solvent evaporation and
anti-solvent precipitation, two polymorphs (forms I and II) and
a pseudopolymorph (hydrate) were prepared and subsequently
characterized by different techniques. The three solid forms
showed different crystal habits. The solubility of the solid forms
was less than 0.1 �g/ml (pH 1.3–11.0, 37 ◦C). Nanosuspensions of
forms I and II were prepared using HPH. During the process, solid
state transformations were observed in forms I and II as a function
of pressure. The nanoparticles present in the final nanosuspen-
sion were characterized as hydrate. Depending upon the stabilizer
composition, the particle size distribution and the solubility of the
milled sample varied. In the presence of the P407 + S15 combina-
tion, uniform particle size distribution with average particle size
less than 150 nm and high solubility was obtained. Despite the solid
state transformation during HPH, the nanosuspension formulation
was stable for a period of two weeks at 4 ◦C.

The dose-toxicity studies revealed at least a four times higher
tolerability for the nanosuspension (10 mg/kg) when compared
with the solution formulation (2.5 mg/kg). PK and tissue distribu-
tion studies of nanosuspension indicated that SN 30191 was rapidly
cleared from the blood and accumulated in the kidney, liver and
heart. It is postulated that the high accumulation of SN 30191 in
tissues could be due to rapid dissolution of the nanoparticles in
the blood, which facilitated distribution in highly perfused tissues.
However, to quantitatively evaluate the benefits of a nanosuspen-
sion, in terms of PK and tissue distribution, PK data of solution
formulation are required. Compared with solution formulation, the
nanosuspension allowed the delivery of a higher dose and made it
possible to perform PK and tissue distribution studies in animals.
These results demonstrate the advantage of nanosuspension over
a solution formulation.
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