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In  vitro  and  in  vivo  investigations  were  conducted  to develop  a suitable  formulation  for  early  toxicology
and clinical  studies  of  ((R)-7-(3,4-dichlorophenyl)-5-methyl-4,7-dihydropyrazolo[1,5-a]pyrimidin-
6-yl)((S)-2-(4-fluorophenyl)pyrrolidin-1-yl)methanone  (Compound  A),  a  nonionizable  and  poorly
water-soluble  compound  that  selectively  inhibits  the  ultrarapid  potassium  current  (IKur)  and  is  intended
for the  treatment  of  arrhythmia.  Various  nonaqueous  solution  formulations  were  evaluated,  in vitro,  for
ability  to prevent  or  delay  precipitation  of  Compound  A  from  solution  following  dilution  with  water.  The
oorly soluble
onionizable
recipitation-resistant
onaqueous
ral bioavailability

plasma  exposures  of  precipitation-resistant  solutions,  non  precipitation-resistant  solutions,  and  aque-
ous suspensions  were  then  compared  in  rats,  dogs,  and/or  humans.  The  data  indicated  that  a  solubilized,
precipitation-resistant  formulation  achieved  the highest  plasma  concentrations  in all  species  and  also
improved  dose  proportionality,  particularly  in  rats.  Development  of such  formulations  may  be  highly
valuable  for  achieving  in vivo  blood  levels  often  required  for  successful  toxicological  and  early  clinical
evaluation  of  poorly  soluble  compounds.
. Introduction

One of the significant challenges in the formulation of Bio-
harmaceutical Classification System (BCS) Class II (low aqueous
olubility, high permeability) compounds (Amidon et al., 1995; Yu
t al., 2002) to support toxicology and/or early clinical studies is the
chievement of sufficiently high plasma concentrations following
ral dosing. Traditional solid dosage forms and aqueous suspen-
ion formulations may  be unsuitable for high-dose studies of poorly
ater-soluble compounds, as they commonly exhibit solubility-
r dissolution-limited absorption and plateau in exposure with
ncreasing dose (Chen et al., 2006; Hörter and Dressman, 2001; Li
t al., 2002; Neervannan, 2006; Paulson and Maziasz, 2004; Takano
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et al., 2008). Non dose-proportional absorption can be especially
problematic in early toxicology studies, which generally require
high plasma concentrations in order to establish comfortable safety
multiples to support clinical studies.

For compounds that are ionizable, it may  be possible to improve
exposures by formation of a salt (Engel et al., 2000; Gould, 1986;
Gwak et al., 2005; Nielsen et al., 2005; Serajuddin, 2007; Wadke
et al., 1989). For nonionizable compounds, however, many alterna-
tive approaches, including particle size reduction (Chaumeil, 1998;
Cooper, 2010; El-Shabouri, 2002; Kumar et al., 2007; Liversidge
and Cundy, 1995; Sigfridsson et al., 2009; Wu  et al., 2004), chemi-
cal complexation with cyclodextrins or other agents (Carrier et al.,
2007; Higuchi and Ikeda, 1974; Jambhekar et al., 2004; Järvinen
et al., 1995; Lim and Go, 2000; Orienti et al., 2009; Rajewski and
Stella, 1996; Wong and Yuen, 2001), formulation as a solid disper-
sion (Jachowicz et al., 2000; Leuna and Dressman, 2000; Nazzal
et al., 2002; Sethia and Squillante, 2003; Sheen et al., 1991, 1995;
Shin and Kim, 2003; Sinha et al., 2009) or amorphous system
(Ambike et al., 2004, 2005; Hancock and Zografi, 1997; Karimian
et al., 1998; Kennedy et al., 2008; Shimpi et al., 2005; Yu, 2001),

or delivery using a lipid/surfactant combination to form an emul-
sion or microemulsion (Dollo et al., 2003; Gao et al., 2003, 2004;
Gershanik and Benita, 2000; Gursoy and Benita, 2004; Kang et al.,
2004; Kawakami et al., 2002; Pouton, 2000; Tang et al., 2007;

dx.doi.org/10.1016/j.ijpharm.2012.04.075
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:lori.burton@bms.com
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Fig. 1. Chemical structure of Compound A: ((R)-7-(3,4-dichlorophenyl)-5-methyl-
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determined by microscopy), in a vehicle composed of 0.5% methyl-
,7-dihydropyrazolo[1,5-a]pyrimidin-6-yl)((S)-2-(4-fluorophenyl)pyrrolidin-1-
l)methanone.

u et al., 2009; Yin et al., 2009), could be used. For compounds
hat cannot be complexed or solubilized in lipid/oil-based sys-
ems, polar cosolvents such as PEG 400, propylene glycol, ethanol,
tc., may  be considered, particularly in cases where toxicology
nvestigations require very high exposures. Use of these types of
osolvent systems may  necessitate formulation of the drug at high
oncentrations to reduce dose volume and, thereby, minimize any
otential safety or tolerability concerns associated with the cosol-
ents. While fairly high concentrations of drug are often achievable
sing cosolvent systems, immediate precipitation of the compound
rom solution can occur upon contact with the aqueous environ-

ent of the gastrointestinal tract. Such an event can then result in
ignificantly limited or variable oral absorption and unpredictable
xposures. For this reason, development of a suitable cosolvent
ormulation, designed to overcome the potential for in situ pre-
ipitation of hydrophobic compounds at high concentration, may
e very useful for preclinical and/or early clinical investigations.
imilar issues, related to dilution-induced precipitation, have been
ncountered in the development of cosolvent-based systems for
he intravenous administration of water-insoluble compounds (Li
nd Zhao, 2007; Straubinger, 1995; Yalkowski and Valvani, 1977).
hese formulations are typically diluted, from concentrate, with
n aqueous medium such as normal saline or 5% dextrose prior
o dosing. They must, therefore, be resistant to precipitation of
he compound during and after this process. Surfactants such as
olysorbate or Cremophor® have been used to reduce the risk of
ilution-induced precipitation in several intravenous products (Li
nd Zhao, 2007; Orienti et al., 2009; Straubinger, 1995). In addi-
ion to increasing solubility, there have been a significant number
f studies suggesting that cosolvents and surfactants may  also
nhance oral absorption through mechanisms such as inhibition
f p-glycoprotein or other efflux carrier systems (Aungst, 1993;
rube and Langguth, 2007; Hugger et al., 2002; Johnson et al., 2002;
ornoo et al., 2009; Rege et al., 2002). The current work, however,
ill focus on the role of these excipients in solubilization and inhibi-

ion of precipitation of insoluble compounds during and following
ilution in an aqueous environment.

((R)-7-(3,4-dichlorophenyl)-5-methyl-4,7-dihydropyrazolo[1,
-a]pyrimidin-6-yl)((S)-2-(4-fluorophenyl)pyrrolidin-1-yl)me-
hanone, or Compound A (Fig. 1), is a selective inhibitor of the
ltrarapid potassium current (IKur) and is intended for the treat-
ent of arrhythmia. Compound A is a nonionizable compound
ith very low aqueous solubility (∼4 �g/mL) and relatively low

olubility in oils (<5 mg/mL). Its measured Caco2 permeability

s 99 nm/s, and its Log D value (octanol/aqueous buffer) is 4.0 at
H 2.5 and 4.1 at pH 7.4. The melting point of Compound A is
96–203 ◦C. The solubility of Compound A in pharmaceutically
harmaceutics 433 (2012) 94– 101 95

acceptable nonaqueous cosolvents such as PEG 400, propylene
glycol, and 95% ethanol (alcohol, USP) is ∼20–60 mg/mL, but
solutions of the compound in these cosolvents tend to precipitate
immediately, and with uncontrolled particle size, upon dilution
with aqueous media. Preliminary pharmacokinetic studies con-
ducted in rats, dogs, and monkeys showed substantial interspecies
variability, with relatively high exposures from aqueous sus-
pension in rats, poor exposures in dogs, and variable exposures
in monkeys. The challenging physicochemical properties and
high variability in the in vivo absorption profile of Compound A
increased the risk that a traditional solid dosage form or a simple
cosolvent solution could fail to provide the required maximum
plasma concentrations to support nonrodent toxicology and Phase
I clinical studies. The current in vitro and in vivo screening studies
were conducted to develop a solubilized, precipitation-resistant
formulation providing reliable plasma exposures of Compound A.

2. Materials and methods

2.1. Materials

Compound A, with purity >98%, was  produced by Bristol-Myers
Squibb Co., New Brunswick, NJ. All other chemicals were reagent
or analytical grade and were used as received.

2.2. Preparation of formulation prototypes for in vitro and/or
in vivo screening

Solubilized and precipitation-resistant formulations of Com-
pound A were designed to improve the solubility of the drug
and/or maintain the drug in solution upon contact with the
aqueous environment of the gastrointestinal tract. Multiple sol-
ubilized formulation prototypes, both precipitation-resistant and
non-precipitation-resistant, were prepared for evaluation. Non-
precipitation-resistant formulations, containing mixtures of PEG
200, PEG 400, polysorbate 80, ethanol, N-methyl pyrrolidone, Cre-
mophor EL®, and/or propylene glycol, were prepared by combining
the ingredients in proportions listed in Tables 1–3.  Concentra-
tions of Compound A in these solutions ranged from approximately
2 to 45 mg/mL. Precipitation-resistant solution formulations con-
sisted of 0.8–22.5 mg/mL  Compound A in a vehicle containing
varying combinations of PEG 400, ethanol, polysorbate 80, and
d-� tocopheryl polyethylene glycol 1000 succinate (vitamin E
TPGS, Eastman Chemicals). Actual vehicle compositions evaluated
are listed in Tables 1–5.  The vehicles were prepared by dissolv-
ing the vitamin E TPGS in ethanol, followed by addition of PEG
400 and polysorbate 80. A semisolid dispersion formulation com-
posed of 50% PEG 400/50% vitamin E TPGS was also evaluated.
This formulation was prepared by dissolving Compound A at
50 mg/g in molten vitamin E TPGS at 50 ◦C, followed by blending
with PEG 400. The mixture was  then filled into gelatin capsules
and allowed to cool to room temperature, during which time
the contents of the capsule became partially solidified. An addi-
tional precipitation-resistant vehicle was prepared by dissolving
polyethylene glycol-15-hydroxystearate (Solutol® HS 15, BASF) in
PEG 400.

For comparison, aqueous suspensions, with average parti-
cle sizes ranging from ∼60 �m to <1 �m and concentrations of
∼20–25 mg/mL, were also evaluated in rats and/or dogs. An “as is”
suspension with no particle size reduction was prepared by sus-
pending Compound A, as received (average particle size ∼60 �m,
cellulose, with 0.1% Cremophor EL® included as a wetting agent
(final concentration 20 mg/mL  Compound A). Two different meth-
ods were used for the preparation of aqueous suspensions with



96 L. Burton et al. / International Journal of Pharmaceutics 433 (2012) 94– 101

Table  1
In vitro screening of the resistance of various formulations of compound A to dilution-induced precipitation.

Vehicle Conc. of Compound
A (mg/mL)

Approximate precipitation time (min)

Dilution factor

2× 5× 10× 25× 100×
PEG 400 20 NDa ND Instant ND ND
33.3%  PEG 400/33.3% ethanol/33.3% water 15 Instant ND Instant ND ND
5%  NMP/5% Cremophor EL®/90% PEG 400 10 ND ND Instant ND ND
50% ethanol/50% PG 45 ND ND Instant ND ND
9%  polysorbate 80/91% PEG 400 30 ND ND Instant ND ND
15%  polysorbate 80/85% PEG 400 20 ND ND 60 ND 90
23%  Solutol® HS15/77% PEG 400 20 ND ND 60 ND ND
50%  ethanol/50% Cremophor EL® 45 ND ND 5 ND 5

22.5  ND ND 30 ND 30
35%  ethanol/65% Cremophor EL® 40 ND ND 20 ND 60

30  ND ND 30 ND 90
20%  vitamin E TPGS/8% polysorbate
80/7% ethanol/65% PEG 400

55 ND 15 15 15 ND
6.25  >300 ND >300 >300 >300

20%  vitamin E TPGS/8% polysorbate 80/10% ethanol/62% PEG 400 15 >300 >300 >300 ND >300
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EG, polyethylene glycol; NMP, N-methyl polyvinylpyrrolidone; TPGS, d-alpha toco
a Value not determined.

article size below 1 �m.  In the first method, Compound A, with
verage initial particle size ∼60 �m,  was suspended in 4 mL  of a
olution of polysorbate 80 in water (concentration of Compound A
nd polysorbate 80 in this initial suspension were approximately
wice that for the final formulation). The mixture was then passed,

anually, at least 10 times through an EmulsiFlex-B3TM microflu-
dizer (Avestin, Inc.) to reduce the particle size of Compound A to
ess than 1 �m.  A solution of methylcellulose, with concentration
lso approximately twice that of the final suspension, was added
o the particle size-reduced suspension of Compound A, in a ratio
f 1:1, and mixed well to produce the final suspension formulation
ith a drug concentration of approximately 25 mg/mL. Suspensions
repared by this technique were used for in vivo evaluation in rats.

n the second method, Compound A was slurried with 2.6% hydrox-
propyl cellulose (HPC)-SL and was milled in an Elan NanoMill-01®

or 45 min  at a speed of ∼600 rpm. The resulting suspension was
iluted to 25 mg/mL  with vehicle and filtered through a 5-�m fil-
er. Measurement of potency by HPLC confirmed that no drug was
ost upon filtration. Suspensions prepared by this technique were
sed for in vivo evaluation in dogs. The particle size distribution of
ach suspension was monitored over several days for any signifi-
ant growth using a Horiba LA-910 Laser Light Scattering Particle
izer.

.3. Evaluation of precipitation resistance

Resistance of solutions to dilution-induced precipitation of
ompound A was evaluated by rapid, bolus addition of water to
olutions containing various concentrations of Compound A. Sim-
lar precipitation resistance studies, using simulated gastric and
ntestinal fluids, have been conducted by others (Dai et al., 2007,
008). However, for the present studies, water was  selected as the
iluent rather than simulated gastric or intestinal fluid, because
ompound A is nonionizable, and its solubility is unaffected by the
H of the medium. In addition, water was considered as worst case
or inducing precipitation, as gastrointestinal fluids may  contain
urfactants or other components that could potentially enhance
olubility of Compound A. The dilution factors ranged from 2-
o 100-fold. Following dilution, the samples were agitated man-

ally and observed visually for appearance of any precipitate.
olutions showing no immediate precipitate formation were con-
idered to be “precipitation-resistant.” It should be noted that the
evel of environmental particulates was not controlled for any of
l polyethylene glycol 1000 succinate.

the formulations evaluated. Given that such particulates can serve
as nucleation sites and accelerate precipitation in supersaturated
solutions, the study design further enables worst case evaluation of
the ability of various formulations to resist dilution-induced precip-
itation. A summary of solvent combinations screened can be found
in Table 1.

The results of initial screening by visual inspection were con-
firmed using a more quantitative dilution experiment in which
2 mL  of a 10 mg/mL solution of Compound A in 20% Solutol®

HS15/80% PEG 400 was added into 900 mL  of water at 37 ◦C in a
USP dissolution apparatus type II (rotating paddle), with paddle
speed 50 rpm. Following introduction of the Compound A/Solutol®

HS15/PEG 400 solution, samples were periodically withdrawn from
the vessel, filtered through a 0.45 �m syringe filter to remove any
precipitated compound, and analyzed for drug concentration by
HPLC.

The effect of dilution of Compound A, formulated in a vehi-
cle composed of 20% vitamin E TPGS, 8.5% polysorbate 80, 10%
ethanol, 61.5% PEG 400, was  also evaluated at drug concentrations
of 15 mg/mL, 30 mg/mL and 60 mg/mL. The USP rotating paddle
method with paddle speed 50 rpm was  used for these studies. The
dilution medium used was  480 mL  of water at 37 ◦C. A volume of
20 mL  of formulation was added to the medium, and the concen-
tration of Compound A was  measured by a fiber optic UV probe
detector (Model DPT-DISS, LeapTec) at 315 nm.

While the relatively limited number of formulations screened
in these initial studies could be analyzed using a manual approach,
high-throughput methods for evaluating precipitation resistance
using a 96-well plate format with spectrophotometric or HPLC
analysis have been developed and can be particularly useful for
quantitatively screening a wide range of formulation compositions
(Dai et al., 2007, 2008; Chandran et al., 2011).

2.4. Pharmacokinetic studies

The in vivo exposures of selected precipitation-resistant for-
mulations were compared to aqueous suspension in rats, dogs, and
humans. Preclinical formulations and dose levels evaluated in rats
and dogs are listed in Tables 2 and 3. For rat PK studies, each for-

mulation was  administered by oral gavage to fasted adult Sprague
Dawley rats (n = 2–18), and blood samples were withdrawn at
pre-determined intervals for analysis of drug concentration. For
dog PK studies, formulations were dosed either by capsule or oral
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Table 2
Comparison of in vivo exposures of Compound A obtained using various formulation approaches in rats.

Dosage form type Vehiclea Concentration
Compound A (mg/mL)

Dose volume
(mL)

Approximate dose
(mg/kg)

Mean AUCb (�M h) Mean Cmax (�M)

Non precipitation-resistant solution 33.3% PEG 200/33.3% ethanol/33.3% water 2 1.5 10 6.4 ± 1.5c 3.3 ± 1.1
PEG  400 20 0.03 2 2.6d,e 0.3

20  0.3 20 23.3d,e 2.4
20  3 200 57d,e 4.9

95%  PEG 400/5% polysorbate 80 4 1.5 20 NDf 4.0 ± 0.2
90%  PEG 400/10% polysorbate 80 4 1.5 20 ND 4.4 ± 0.2
95%  PEG 400/5% Cremophor EL® 4 1.5 20 ND 4.0 ± 0.2

Precipitation-resistant solution 80% PEG 400/20% Solutol® HS15 30 3 300 34.1 ± 3.4 5.3 ± 0.8
61.2%  PEG 400/20.4% vitamin E TPGS/10.2%
polysorbate 80/8.2% ethanol

0.8 4.5 12 11.4 ± 0.9e,g 0.8 ± 0.2
4  4.5 60 36.3 ± 6.9e,g 3.5 ± 1.0

20  4.5 300 170.8 ± 20.6e,g 17.0 ± 8.1

Aqueous  suspension (EmulsiFlexTM)
(particle size: D84 < 1 �m)

0.1% (w/v) methylcellulose/0.1% (w/v)
polysorbate 80

26 3.1 270 65 ± 13c 10 ± 2.1

a Vehicle proportions expressed as weight/weight unless otherwise indicated.
b n = 3, unless otherwise indicated. AUC values are reported as AUC0−∞ except in cases where AUCt−∞ is greater than 20% of AUC0−∞ , where t represents the time of the last measured plasma concentration. In the latter case,

AUC  values are reported as AUC0−t .
c AUC reported as AUC0−10 h for these selected formulations.
d n = 2 for these selected formulations.
e AUC reported as AUC0−24 h for these selected formulations.
f ND: Value not determined.
g n = 18 for these selected formulations.

Table 3
Comparison of in vivo exposures of Compound A obtained using various formulation approaches in dogs.

Dosage form type Vehiclea Concentration
Compound A (mg/mL)

Dose volume
(mL)

Approximate dose
(mg/kg)

Mean AUCb (�M h) Mean Cmax (�M)

Non-precipitation-resistant solution 33.3% PEG 200/33.3% ethanol/33.3% water 10 3.5 3.5 3.6 ± 0.9 1.0 ± 0.3
PEG  400 3.5 7 2.5 2.5 ± 1.5c 0.6 ± 0.4

30  16.5 50 26 ± 8.0d 4.2 ± 1.9

Precipitation-resistant solution 80% PEG 400/20% Solutol® HS15 10 5 5 1.2 ± 0.1 0.7 ± 0.1
65%  PEG 400/20% vitamin E TPGS/7.5%
polysorbate 80/7.5% ethanol

6.25 5.5 3.5 1.9 ± 0.4c 1.1 ± 0.8

Precipitation-resistant semisolid
dispersion

50% PEG 400/50% vitamin E TPGS 2.5 20 5 1.6 ± 0.9e 0.8 ± 0.3
25 20 50 25 ± 13e 9.1 ± 3.2

Aqueous suspension (NanoMill®) (particle
size: D50 < 276 nm)

2.6% (w/v) hydroxypropylcellulose SL 25 20 5 1.7 ± 0.3 0.9 ± 0.3

Aqueous suspension (unprocessed)
(particle size: 10–100 �m)

0.5% (w/v) methylcellulose/0.1% (w/v)
Cremophor EL®

20 20 40 6.8 ± 2.4c 1.1 ± 0.7

a Vehicle proportions expressed as weight/weight unless otherwise indicated.
b n = 3, unless otherwise indicated. AUC values are reported as AUC0–∞ except in cases where AUCt–∞ is greater than 20% of AUC0–∞ , where t represents the time of the last measured plasma concentration. In the latter case,

AUC  values are reported as AUC0–∞ .
c AUC reported as AUC0−32 h for these selected formulations.
d AUC reported as AUC0−24 h for this selected formulation.
e n = 6 for these selected formulations.
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Fig. 2. Percent Compound A remaining in solution after dilution when formulated as
a  precipitation-resistant solution of 10 mg/mL in ∼80% PEG 400/20% Solutol HS15®

(USP Paddle Method, 50 RPM in 900 mL water at 37 ◦C).
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Fig. 3. Effect of drug concentration on precipitation resistance of Compound A, for-
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avage to fasted adult beagle dogs (n = 3–6), and blood samples
ere withdrawn at pre-determined intervals for analysis.

Human PK studies were conducted in fasted, healthy volunteers
n = 5–6). Compositions of the oral dosing solutions and suspen-
ions are listed in Tables 4 and 5, respectively. The formulations
ere prepared by constituting the clinical drug in bottle prod-
ct with two different vehicles, at a designated compounding
harmacy, using instructions and components supplied by Bristol-
yers Squibb. The precipitation-resistant solution formulation was

osed using an oral syringe, followed by 240 mL of water, while
he aqueous suspension formulation was administered by instruct-
ng the subject to drink the entire contents of the vial, followed
y a complete vial washout to obtain the full dose. In case of oral
olution, the total dose volume administered to each subject was
0 mL.  For dose levels in which active dose volume was  less than
0 mL,  each subject received a separate volume of placebo solu-
ion to adjust the total dose volume to 20 mL.  Similar to rats and
ogs, blood samples were withdrawn at pre-determined intervals
or analysis. Human PK studies comparing solution to suspension
ere conducted at a dose of 100 mg,  using crossover design, with

 7-day washout period between formulations.
All plasma concentration data were treated using non-

ompartmental methods to generate plasma concentration profiles
s a function of time, as well as Cmax and AUC values for each
ormulation.

.5. Sample analysis

.5.1. In vitro
Drug concentrations of in vitro samples were analyzed using

eversed phase HPLC. The chromatographic system for assay
onsisted of a Waters Alliance 2690 HPLC Separations Module,
quipped with a controlled-temperature autosampler, maintained
t 5 ◦C, a Waters 486 tunable UV absorbance detector, operated
t a wavelength of 215 nm,  and a Millennium32 Chromatography
anager.
Chromatographic analysis was performed under linear gradient

onditions, at ambient temperature, using a YMC  ODS-AQ column
150 × 4.6 mm,  3 �m),  with a flow rate of 1 mL/min and an injec-
ion volume of 50 �L. The mobile phases consisted of water and
cetonitrile, each containing 0.1% trifluoroacetic acid.

.5.2. In vivo
Plasma drug concentrations were analyzed using an LC/MS/MS

ethod. The chromatographic system for assay consisted of a Shi-
adzu LC 10 AD/VP pump, a Perkin-Elmer PE 200 LC autosampler,

nd a Micromass Quattro LC mass spectrometer.
Chromatographic analysis was performed under isocratic con-

itions, at ambient temperature, using a Phenomenex Luna C18(2)
olumn (50 × 2 mm,  5 �m),  with a flow rate of 0.3 mL/min and
n injection volume of 10 �L. The mobile phase consisted of 15%
0 mM ammonium acetate in water and 85% 10 mM ammonium
cetate in a mixture of 90% acetonitrile/10% water. The mass spec-
rometric parameters used are summarized in Table 6.

. Results and discussion

.1. In vitro precipitation-resistance screening

Results of in vitro precipitation-resistance screening for Com-
ound A in various cosolvent combinations are presented in Table 1
nd in Figs. 2 and 3. Formulations containing the surfactants, vita-

in  E TPGS, polysorbate 80, and Solutol® HS15, showed the highest

evel of precipitation-resistance. Based on the in vitro data pre-
ented in Table 1, a combination of vitamin E TPGS with polysorbate
0 appeared to be most effective in inhibiting dilution-induced
mulated in 20 mL of a vehicle containing 20% vitamin E TPGS, 10% alcohol USP, 8.5%
polysorbate 80 and 61.5% PEG 400 (USP Paddle Method, 50 RPM in 480 mL  water at
37 ◦C).

precipitation of Compound A compared to formulations contain-
ing Solutol® HS15, Cremophor EL®, or polysorbate 80, alone. The
potential of vitamin E TPGS to show a synergistic effect in pre-
venting dilution-induced precipitation, when combined with other
surfactants, has been observed by others in the literature (Dai et al.,
2008).

Fig. 2 shows the percent Compound A remaining in solution
after dilution when formulated as a precipitation-resistant solu-
tion, at a concentration of 10 mg/mL, in a vehicle composed of 20%
Solutol® HS15/80% PEG 400. The data indicate that the concentra-
tion of Compound A in solution remained relatively unchanged for
up to 72 h following introduction of 2 mL  of the solution concen-
trate into a dissolution vessel containing 900 mL of water at 37 ◦C,

stirred at 50 rpm.

The effect of the initial formulation concentration of Compound
A on the resistance to dilution-induced precipitation is presented
in Fig. 3. As would be expected, the precipitation-resistance of
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Table  4
Dose-dependence of Compound A exposure from precipitation-resistant solutiona in humans.

Concentration Compound Ab (mg/mL) Dose (mg) Mean AUCc (�M h) Mean Cmax (�M)

5 1 (n = 6) Not determinable Not determinable
5 3  (n = 5) 0.007 ± 0.009 0.002 ± 0.002
5 10  (n = 6) 0.024 ± 0.010 0.009 ± 0.003
5  30 (n = 6) 0.070 ± 0.019 0.026 ± 0.006
5  100 (n = 5) 0.51 ± 0.30 0.16 ± 0.10

20  300 (n = 5) 3.77 ± 0.02 1.11 ± 0.83

a Vehicle: 61.2% PEG 400/20.4% vitamin E TPGS/10.2% polysorbate 80/8.2% ethanol (proportions expressed as weight/weight).
b Total dose volume for precipitation-resistant formulation brought to 20 mL  across all dose levels using blank vehicle (administered separately from active solution).
c AUC values are reported as AUC0–∞ .

Table 5
Comparison of in vivo exposures of Compound A, obtained using two  formulation approaches in humans (dose = 100 mg,  n = 6).

Dosage form type Vehiclea Concentration
Compound A (mg/mL)

Mean AUCb (�M h) Mean Cmax (�M)

Precipitation-resistant solution 61.2% PEG 400/20.4%
vitamin E TPGS/10.2%
polysorbate 80/8.2%
ethanol

5 0.30 ± 0.14 0.11 ± 0.03

Aqueous suspension (unprocessed;
particle size: 10–100 �m)

0.05% (w/v) polysorbate 80 10 1.09 ± 0.96c 0.03 ± 0.01

a Vehicle proportions expressed as weight/weight unless otherwise indicated.
b AUC values are reported as AUC0−∞ except in cases where AUCt−∞ is greater than 20% of AUC0−∞ , where t represents the time of the last measured plasma concentration.

In  the latter case, AUC values are reported as AUC0−t .
c AUC reported as AUC0−72 h

Table 6
Mass spectrometric conditions used in the analysis of plasma samples for Compound
A.

Parameter Value

Ion polarity Positive
Source type Electrospray
Drying gas Nitrogen, UHP 838 L/h
Capillary voltage (V) 1000
Cone (V) 33
Extractor (V) 3.0
RF lens (V) 0
Source block temperature (◦C) 120
Desolvation Temperature (◦C) 300
Multiplier (V) 650
LM resolution 1 12.5
HM resolution 1 12.5
Ienergy 1 (V) 1.6
Entrance (V) 20
Collision (V) 17
Exit (V) 22
LM resolution 2 12.5
HM resolution w 12.5
Ienergy 2 (V) 1.5
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Fig. 4. Comparison of dose proportionality of Compound A exposures from
precipitation-resistant and non precipitation-resistant solution formulations in rats.

composed of PEG 200/ethanol/water (Table 2). At higher doses
(∼200–300 mg/kg), the precipitation-resistant system provided
significant advantage over both non precipitation-resistant solu-
ompound A in a given formulation was dependent upon initial
oncentrations of Compound A. A solution of 60 mg/mL  Compound

 in a vehicle composed of 20% vitamin E TPGS, 10% alcohol
SP, 8.5% polysorbate 80, and 61.5% PEG 400 exhibited immedi-
te dilution-induced precipitation, while a solution of 15 mg/mL
ompound A in the same formulation was resistant to precipita-
ion for 6–8 h following addition to water at 37 ◦C. At 30 mg/mL,
ilution-induced precipitation of Compound A was also observed,
ut at a slower rate than for 60 mg/mL  (resistance to precipitation
as maintained for approximately 30 min  to 1 h following addition

f the 30 mg/mL  formulation to water). Given that precipitation
f compounds from supersaturated solutions is dependent upon
he rate of particle nucleation, more highly concentrated solutions
ould be expected to nucleate, and therefore, precipitate, more
apidly than less concentrated solutions.
Formulations consisted of 20 mg/mL  Compound A in PEG 400 or 61.2% PEG 400;
20.4% vitamin E TPGS; 8.2% alcohol, USP; 10.2% polysorbate 80 (additional details
listed in Table 2).

3.2. In vivo exposure evaluations

Results of preclinical in vivo screening of various formulations
investigated for Compound A are summarized in Tables 2 and 3.
For lower dose levels (∼10 mg/kg) in rats, a precipitation-
resistant solution, consisting of PEG 400/polysorbate 80/vitamin
E TPGS/ethanol, showed somewhat greater plasma exposure but
a lower Cmax value than the non precipitation-resistant system,
tions and particle size-reduced aqueous suspensions in terms of
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onsisted of 5 mg/mL  Compound A in 61.5% PEG 400; 20% vitamin E TPGS; 10% alco-
ol,  USP; 8.5% Polysorbate 80 (solution) or 0.05% Polysorbate 80, NF, in Sterile Water

or  Injection (suspension).

oth AUC and Cmax values. The formulation containing Solutol®

S15 provided lower exposures than the formulation containing
itamin E TPGS. However, the concentration of Compound A in the
olutol®-containing formulation evaluated in rats was  higher than
hat used both in the in vitro testing and in the TPGS-containing
ormulation. Since the rate of precipitation from solution is depen-
ent upon solution concentration prior to dilution, it is possible that
he Solutol®-containing formulation was not completely resistant
o precipitation at 30 mg/mL. It is also interesting to note that the
article size-reduced suspension produced greater exposures and
max levels than did the solution in PEG 400. Precipitation of large
r clumped particles of Compound A from PEG 400 in the GI tract
fter dosing could be a possible explanation for this observation.

The dose proportionality of exposures of Compound A from
recipitation-resistant and non-precipitation-resistant solution
ormulations in rats is presented in Fig. 4. The data show that non-
inear exposures are observed with increasing dose of Compound

 from PEG 400, a non-precipitation-resistant system, while good
ose proportionality was achieved using the precipitation-resistant
olution formulation in rats.

Dogs showed negligible differences in maximum plasma con-
entrations and overall exposures of Compound A for precipitation-
esistant solutions, non precipitation-resistant solutions, and
article size-reduced aqueous suspensions at low doses (∼5 mg/kg)
Table 3). The AUC values for the solution formulations were also
imilar at high dose (40–50 mg/kg) but were greater than suspen-
ion. The greatest maximum plasma concentrations, however, were
chieved using the precipitation-resistant system containing vita-
in  E TPGS. Other surfactant-containing formulations were not

valuated for performance at high dose in dogs. In general, absorp-
ion from all formulations was lower in dogs, and large increases
n Cmax and AUC of Compound A were more challenging to achieve
n dogs compared to rats. These results suggest that solubility and
issolution rate play a significant role in the absorption of Com-

ound A in rats, but may  contribute less significantly in dogs. Of the
arious formulation approaches screened, precipitation-resistant
olutions containing vitamin E TPGS provided the greatest Cmax and
UC values at high doses needed for toxicology studies.
harmaceutics 433 (2012) 94– 101

Results of pharmacokinetic evaluations comparing nonaqueous,
precipitation-resistant solution and aqueous suspension formu-
lations of Compound A after a single oral dose in humans are
presented in Tables 4 and 5 and in Fig. 5. Exposures increased
approximately linearly with dose levels from 3 to 10 mg but
increased more than dose proportionally between dose levels of
10 and 300 mg.  In contrast, plasma concentrations from aqueous
suspension, dosed at 100 mg,  were much lower (approximately
one quarter that of solution at the same dose level). In addition,
surprisingly prolonged drug exposures that were sustained for at
least 72 h following dosing were observed, suggesting absorption-
controlled pharmacokinetics from the suspension formulation in
humans (suspension formulations did not show similar sustained
exposures in animal studies). Dissolution rate-limited absorption
could have contributed to this type of pharmacokinetic profile, but
additional studies would be needed to better understand critical
factors responsible for the pharmacokinetic profile of Compound A
from aqueous suspension.

In addition, a wide range of dose volumes and surfactant types
and concentrations were used in the PK studies of solution formu-
lations of Compound A in rats and dogs. As surfactant concentration
in the gastrointestinal tract could also potentially influence in vivo
performance, it may  be informative to further evaluate the impact
of these variables for specific surfactant types on the absorption of
Compound A in future investigations.

4. Conclusions

A nonaqueous, precipitation-resistant formulation approach
was  shown to increase plasma concentration of Compound A sig-
nificantly, compared to aqueous suspension or non-precipitation-
resistant formulations, in rats, dogs, and humans. While particle
size reduction also increased absorption, particularly in rats, great-
est overall Cmax values were achieved with precipitation-resistant
solubilized systems containing vitamin E TPGS. Inhibition of nucle-
ation and crystal growth of Compound A due to increased viscosity
of the vehicle components may  be a possible mechanism contribut-
ing to the resistance of these formulations to dilution-induced
precipitation. In addition, several of the excipients evaluated are
similar to those used in self-emulsifying drug delivery systems
(SEDDS) (Gao et al., 2003; Dai et al., 2007). Therefore, solubiliza-
tion of Compound A through micelle formation could also have
contributed to precipitation resistance. Solubilized formulations
lacking surfactants showed erratic behavior, possibly due to rapid
precipitation of Compound A, with uncontrolled particle size, upon
contact with the aqueous environment of the gastrointestinal tract
following dosing. Results of the current investigations show that
precipitation-resistant formulations may  be highly valuable for
obtaining in vivo exposures needed for successful toxicological and
early clinical pharmacokinetic and tolerability evaluation of poorly
water-soluble compounds, particularly in cases where salt forma-
tion is difficult or impossible.
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