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Abstract

Oral bioavailability of a poorly water-soluble drug was greatly enhanced by using its solid dispersion in a surface-active carrier.
The weakly basic drug ¢ ~5.5) had the highest solubility of 0.1 mg/ml at pH 151 wg/ml aqueous solubility between pH
3.5and 5.5 at 24 1°C, and no detectable solubilityxQ.02.g/ml) at pH greater than 5.5. Two solid dispersion formulations
of the drug, one in Gelucire 44/24and another one in a mixture of polyethylene glycol 3350 (PEG 3350) with polysorbate 80,
were prepared by dissolving the drug in the molten carrier @%nd filling the melt in hard gelatin capsules. From the two solid
dispersion formulations, the PEG 3350—polysorbate 80 was selected for further development. The oral bioavailability of this
formulation in dogs was compared with that of a capsule containing micronized drug blended with lactose and microcrystalline
cellulose and a liquid solution in a mixture of PEG 400, polysorbate 80 and water. For intravenous administration, a solution
in a mixture of propylene glycol, polysorbate 80 and water was used. Absolute oral bioavailability values from the capsule
containing micronized drug, the capsule containing solid dispersion and the oral liquid wete110%, 358 + 5.2% and
59.6 + 21.4%, respectively. Thus, the solid dispersion provided a 21-fold increase in bioavailability of the drug as compared to
the capsule containing micronized drug. A capsule formulation containing 25 mg of drug with a total fill weight of 600 mg was
subsequently selected for further development. The selected solid dispersion formulation was physically and chemically stable
under accelerated storage conditions for at least 6 months. It is hypothesized that polysorbate 80 ensures complete release o
drug in a metastable finely dispersed state having a large surface area, which facilitates further solubilization by bile acids in the
Gl tract and the absorption into the enterocytes. Thus, the bioavailability of this poorly water-soluble drug was greatly enhanced
by formulation as a solid dispersion in a surface-active carrier.
© 2003 Published by Elsevier B.V.
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takes a longer time than its transition through the ab-
sorption sites in the Gl tract. Although salt formation, O 0
particle size reduction, etc., have commonly been
used to increase dissolution rates of drugs, there are F F
practical limitations with these techniques and the de- N/w<|: F F
sired bioavailability enhancement may not always be E
achieved{Vadke et al., 1989; Serajuddin, 1998olid
dispersion systems in which the drug is dispersed in
N

solid water-soluble matrices either molecularly or as

fine particles have also shown promising results in in-

creasing bioavailability of poorly water-soluble drugs

(Chiou and Riegelman, 1971; Ford, 198%he com- <y

mercial use of such systems has been limited primar-

ily because of manufacturing difficulties and stability

problemsSerajuddin (1999)Serajuddin et al. (1988a)

and Serajuddin et al. (1990)eported that some of

the manufacturing problems with solid dispersion

systems may be overcome by using surface-active

and self-emulsifying carriers. The carriers are melted 2. Materials and methods

at elevated temperatures, the drugs are dissolved in

molten carriers, and the hot solutions are then filled 2.1. Materials

into hard gelatin capsules. Solid plugs are formed

inside capsules at room temperature, and due to the The structure of the experimental drug (Compound

surface activity of carriers, drugs dissolve or disperse 1) is giveninFig. 1 It was obtained from Process Re-

rapidly once the plugs come in contact with the GI search and Development department at Bristol-Myers

fluid. Squibb Pharmaceutical Research Institute. Compound
There are only a limited number of surface-active 1 isaweak base withky value of~5.5 and molecular

agents that are suitable for solid dispersiﬁar(ajuddin, We|ght of 754. In the Crysta”ine State, it exists as a di-

1999. Serajuddin et al. (1990Rnd Morris et al. hydrate. All experiments in this study refer to the free

(1992) reported that mixtures of po|yethy|ene g|yco| fOI‘m equiValent quantities, Wh|Ch are adjusted for wa-

(PEG) and polysorbate 80 have potential for use as ter of hydration. PEG 400, PEG 3350, polysorbate 80

surface-active carriers. However, very few in vivo @and other chemicals were procured by Bristol-Myers

studies demonstrating bioavailability enhancement by Squibb from commercial sources and released for use

solid dispersion in such carriers have been reported in drug products. Gelucire 44/24was supplied by

in the literature $heen et al., 1995In this article, Gattefossé Corp.

we are reporting the development of solid disper-

sion formulation of an experimental drug in the PEG 2.2. pH-solubility study

3350—polysorbate 80 mixture, which is amenable to

large-scale manufacturing. The in vitro dissolution of ~ The effect of pH on the solubility of Compound 1

the formulation was compared with that of another was determined at 2561°C. A suspension of drug was

formulation where a proprietary surface-active carrier, prepared in distilled water, and the pH of suspension

Gelucire 44/1% (Gattefossé Corp., Westwood, NJ, was then adjusted by using either hydrochloric acid

USA), was used. Absolute oral bioavailability of drug or sodium hydroxide solutions. After each adjustment

from the solid dispersion formulation containing the of pH, the suspension was shaken for 6-10 h using a

mixture of PEG 3350 and polysorbate 80 was then wrist action shaker, the resulting pH of the suspension

compared in a dog model with that of a solution and was noted, and an aliquot was then filtered through a

a dry powder-blend capsule containing micronized Millipore filter (0.22.m pore) for the HPLC determi-

drug. nation of the dissolved drug.

Fig. 1. Chemical structure of Compound 1.



H.N. Joshi et al./International Journal of Pharmaceutics 269 (2004) 251-258 253

2.3. Dosage form development method (50 rpm at 3# 0.5°C). Aliquots of dissolu-
tion medium collected at different intervals of time
Five different dosage forms: two capsule formula- (0, 5, 10, 20, 30, 45, 60, 90 and 120 min) were filtered
tions containing solid dispersions, a capsule contain- through 0.45.m syringe filters and analyzed. The
ing micronized drug, an oral solution and a parenteral dissolution rates of certain solid dispersion capsules
solution were prepared. For the preparation of the were also studied in distilled water, where the aliquots
solid dispersion formulations, solubility of the drug were analyzed both with and without filtration; in the

in different vehicles, such as PEG 400, PEG 1450,
PEG 3350, Gelucire 44/f4and polysorbate 80 was
determined. The solubility in liquid vehicles was
determined at 25 1°C and that in solid vehicles
was determined at 60—6&. Drug compatibility with

unfiltered state, a milky emulsion was formed.
2.5. Solubility in bile salt-ecithin solutions

Different amounts of lecithin were dissolved in a

vehicles was evaluated by storing the drug solutions 40 mM solution of sodium taurocholate in a pH 6.8

at 60°C for 2 weeks and subsequently analyzing
samples by HPLC. The prototype formulations se-
lected for further evaluation contained 25 or 50 mg
of drug in each of the two solid dispersion vehicles:
Gelucire 44/12 and PEG 3350—polysorbate 80 (3:1)
mixture. The drug was dissolved in the carrier at
654+ 5°C, and 600 mg of the solution was then filled

into each size no. 0 hard gelatin capsule either man-

ually or by using a semi-automated filling machine
(Wiley et al., 199%. Thus, a 25 mg capsule contained
575mg of vehicle and a 50mg capsule contained
550 mg of vehicle. After preliminary evaluation cap-

sodium phosphate buffer (0.01 M). Excess drug was
equilibrated with these lecithin solutions at 37 for

24 h prior to the HPLC determination of the dissolved
drug.

2.6. Examination of drug crystals

A preliminary study established that a sample of
solid dispersion spiked with very small amounts of
crystalline material€1%) could not be identified with
powder X-ray diffractometry or differential scanning
calorimetry. But such a sample could be differentiated

sules were subjected to accelerated stability testing using the following microscopy method: The solid dis-

by storing them in high-density polyethylene (HDPE)
bottles.

For the second capsule formulation, 50 mg of mi-
cronized drug (7-1.m average particle size) was
blended with 250 mg of a 9:1 mixture of lactose and
microcrystalline cellulose. Each size no. 0 hard gelatin
capsule was then filled with 300 mg of this blend.

In the oral solution, 2 mg of drug was dissolved per
millilitre of a cosolvent system containing PEG 400,
polysorbate 80 and aqueous 0.005N HCI in the ratio
of 20:1:79 (w/wl/v).

In the parenteral solution for infusion, the drug was
dissolved at a concentration of 2mg/ml in a mixture
of polysorbate 80, propylene glycol and 0.008N HCI
(2:40:58, wiw/v).

2.4. In vitro dissolution testing

Dissolution profiles of the capsule formulation
containing micronized drug and the two capsule
formulations containing solid dispersion were deter-
mined in 0.05N HCI according to the USP paddle

persion was gently smeared over a glass slide to ob-
tain a thin and uniform specimen. The specimen was
observed at 100 magnification under a light micro-
scope equipped with cross polarizers. Cross polarizers
allow for visualization of the birefringent crystalline
material in partially birefringent matrix.

2.7. HPLC analysis

A reversed-phase column (YMC-Pack, ODS-AQ-
302-3, 15cmx 4.6 mm, 5um), using a 55:45 (v/v)
mixture of acetonitrile and aqueous trifluoroacetic
acid (0.1%) as the mobile phase, was used for the
HPLC analysis of Compound 1. The UV wavelength
for the detector was set at 212 nm. With a flow rate
of 1.2 ml/min for the mobile phase, the retention time
of the drug was 11 min.

2.8. Bioavailability testing in dogs

The drug was administered to four male beagle
dogs as 12.5ml of intravenous infusion solution



254 H.N. Joshi et al./International Journal of Pharmaceutics 269 (2004) 251-258

(dose: 25mg), one capsule containing micronized 2.9. HPLC-MSMS analysis of the plasma samples

drug with excipients (dose: 50 mg), 50 ml of oral solu-

tion (dose: 100 mg), or two capsules containing PEG  The plasma samples were extracted ugityityl

3350—polysorbate 80 solid dispersion of drug (dose: ether (0.5-3ml) by shaking together for 10 min and

100 mg). A washout period of 1 week was used be- centrifuging at 3000rpm for 10min. The organic

tween two consecutive dosings. The dogs were fastedlayer was then separated and evaporated to dryness.

overnight before dosing and for 8 h post-dosing. Wa- The residue was reconstituted quantitatively using

ter was available as needed throughout the study. acetonitrile (0.1 ml) and the resulting solution was in-

For intravenous dosing, the solution was infused at jected into a BDS Hypersil column with an HP 1090L

the rate of 1 ml/min using a 20-ml syringe and a HPLC system at a flow rate of 0.3 ml/min. The ef-

Harvard infusion pump. The oral solution was ad- fluent from this system was directed towards a Sciex

ministered by gavage, which was followed by 20ml API Il tandem mass spectrometer, where multiple

of water. The oral administration of hard gelatin cap- reaction monitoring was performed atz 755-249

sules was followed by the administration of 10ml of for Compound 1. A gradient mobile phase system

water. was used consisting of water, acetonitrile and ammao-
Serial 3-ml blood samples were collected from each nium acetate at pH 3.0. The standard curve range was

dog just prior to dose administration and at each of 0.05-20 ng/ml.

the following time points after the start of intravenous

infusion: 6, 12.5, 15, 18 and 24 min, and 0.5, 1, 2,

4, 6, 8, 12, 24, 28 and 48h. For the oral doses, se- 3. Results and discussion

rial blood samples were drawn just prior to dose ad-

ministration and at each of the following time points: A partial pH-solubility profile of Compound 1 is

15min, 0.5, 1, 2, 4, 6, 8, 12, 24, 36 and 48h. Blood given in Fig. 2 The drug is practically insoluble in

was collected via the jugular vein into Vacutaifier — water (solubility<1 wg/ml, pH 3.5-5.5) at 24- 3°C.

tubes containing tripotassium EDTA as an anticoagu- With available instrumentation, the solubility could

lant. Plasma was obtained by centrifugation and stored not be determined above pH 5.5 because the value was

at —20°C. less than the detection limit (0.@2y/ml). The solubil-
The plasma samples were analyzed for the drug ity increases with a decrease in pH, reaching a maxi-
concentration by the HPLC-MS-MS method. mum value of~100p.g/ml in the region of pH 1.3-1.6
120
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Fig. 2. pH—solubility profile of Compound 1 at 251°C.
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(PHmax)- However, below pH 1.3 the solubility de- 120
creases due to the in situ formation of a hydrochloride
salt and the resultant common ion effect with HCL. 100-—<>g—6—ﬁ s s
Because of such a low pldx, only strong acids can g u
be used for preparing a salt. Among the attempted g 80
salts, only mono-hydrochloride was isolated as a crys- é
talline material, however, it could not be prepared A 0T g A A A
reproducibly. Additionally, this salt instantly dispro- £ 40 < A A
portionates above the microenvironmental pH of 1.6. o A
Therefore, the free base form was selected for further £ 20-1mA
development as a formulation.

Unlike in water, the drug is highly soluble in many 0.2 . . . . . .
pharamaceutically acceptable organic solvents. The 0 20 40 60 80 100 120 140

solubility in PEG 400 is~110 mg/g at 25C, and the
solubility in Gelucire 44/18, PEG 1450 and PEG
3350 at 60—65C is >200 mg/g. Although the solu-
bility of the drug in polysorbate 80 at 2% is lower
(~20 mg/g), the solubility in the 3:1 mixture of PEG
and polysorbate 80 at 60—66 is still greater than
200mg/g. In addition, the drug is compatible with
these vehicles since no significant degradation of drug when the concentration of polysorbate 80 in the cap-
was observed when various drug solutions were stored sule was in excess of 20% (w/w). This dispersion of
at 60°C over a period of 2 weeks. Based on these re- the formulations in water appeared like a milky emul-
sults, prototype solid dispersions in Gelucire 44/14  sion. Although it is known that PEG and polysorbate
or PEG 3350—polysorbate 80 mixture were selected 80 may not be miscible in all proportions, the great ex-
for further evaluation. cess of water in the dissolution medium was sufficient
Dissolution profile of the prototype solid dispersion to dissolve all the PEG and polysorbate 80 from the
capsules (50 mg) containing either Gelucire 4%/b4 formulation (Tejwani et al., 200D Hence the milky

Time (minutes)

Fig. 3. Dissolution profiles of Compound 1 capsules (50 mg) in
0.05M HCI at 37C. Key: () capsule containing 3:1 PEG
3350—polysorbate 80 solid dispersiorll) capsule containing
Gelucire 44/1% and (A) capsule containing micronized drug.

a 3:1 mixture of PEG 3350—polysorbate 80 in 0.05N
HCl at 37°C is shown irFig. 3. The dissolution profile

of the capsule containing micronized drug (50 mg) is
also given in this figure. Complete release of drug
from the solid dispersion formulations was observed
in less than 30 min. The dissolution profiles of 25 mg

appearance could be due to the finely dispersed Com-
pound 1 only. The rate of dispersion of Compound 1
in water from the solid dispersion formulation, where
the unfiltered aliquots were used, was similar to the
dissolution rate in an acidic medium shownHiy. 3.
When the aliquots were filtered through 0.48t pore

solid dispersion capsules were essentially similar. The size filters, approximately 25% of the amount passed
dissolution profiles remained unchanged if two or even through the filter, which indicates that approximately
four 50 mg solid dispersion capsules were tested with 25% of the drug was either dissolved or had parti-
the same volume of dissolution medium. On the other cle size below 0.4p.m. Over 75% of drug from the
hand, only about 60% of drug dissolved in 2h from a dissolution medium (water) passed through Lr2-
capsule containing 50 mg micronized drug. pore size filters. This experiment somewhat emulates
In addition to dissolution, the rate of dispersion what would happen in Gl fluid where the pH condi-
of drug in distilled water at 37C from 50 mg solid tions might not necessarily be acidic enough for all
dispersion capsule was also studied. The visual ob- the drug to dissolve. The finely dispersed drug with
servation of unfiltered dissolution media showed a very high surface area would dissolve much faster
complete dispersion of drug in water (p6) from than the micronized drug and thus be available for
the solid dispersion formulations containing Gelucire absorption.
44/14° as the vehicle. A complete dispersion was ob-  Although both solid dispersion formulations were
tained from PEG 3350—polysorbate 80 based capsulesimilar in their dissolution behavior, the formulation
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Table 1
Stability of the solid dispersion capsules of Compound 1 in a 3:1 mixture of PEG 3350 and polysorbate 80 stored in HDPE bottles under
accelerated storage conditions

Time Storage Potency Total Microscopic Percent dissolved
point condition (mg per impurity analysi$§ - - - - i
capsule) index? 10 min 15min 30min 45 min 60 min
Initial - 24.6 0.42 No crystals 63 87 97 97 97
2 weeks 23C/60% RH 24.4 0.47 No crystals 50 82 101 100 100
40°C/75% RH 24.3 0.40 No crystals 42 73 100 100 100
4 weeks 5C NDd NDY No crystals - - - - -
25°C/60% RH 24.6 0.53 No crystals 55 84 100 100 100
40°C/75% RH 245 0.53 No crystals 41 73 100 101 101
13 weeks 5C ND NDd No crystals 41 78 103 103 104
25°C/60% RH 24.7 0.41 No crystals 57 87 99 99 99
40°C/75% RH 24.8 0.48 No crystals 60 91 101 100 100
26 weeks 5C 24.8 NO No crystals 44 74 100 100 100
25°C/60% RH 24.8 NG No crystals 48 75 100 101 101
40°C/75% RH 247 N No crystals 18 48 94 101 102

@ Determined using the HPLC assay described in the experimental section.

b Total impurity index is the sum of chromatographic area percent of all the peaks other than that of the Compound 1.
¢ Determined using a light microscope equipped with cross polarizers (magnificatior).100

4 ND = not determined.

containing Gelucire 44/ showed some leakage be the most appropriate method of examining the po-
from the capsules during preliminary stability testing tential for drug crystallization. Other methods, such as
at 40°C. This was not unexpected since the peak differential scanning calorimetry (DSC) and powder
melting temperature of the vehicle is about°® Be- X-ray diffraction (XRD), were not suitable; during
cause of this reason, only the PEG 3350—polysorbatethe DSC analysis, the amount of drug present in the
80 solid dispersion capsule was used for further devel- formulation dissolves in the matrix below its own

opment. This formulation showed excellent stability
of Compound 1 with respect to any physical, chem-
ical and dissolution changeJable 1. Prior to the
commencement of the stability study, it was decided
that only 25mg capsules would be developed clin-
ically. Therefore, this table contains data on 25mg
capsules only. In the formulation used ftable 1the
drug could be in a dissolved or an amorphous state.
If it is in an amorphous state, there was a potential
for crystallization. The solid dispersion capsule for-
mulation was monitored closely for any occurrence
of crystallization during the accelerated stability test-
ing period. Contents of the capsules did not produce
drug crystals in the matrix upon storage at room
temperature. Although formal stability data is shown
for 26 weeks, subsequent examination did not show
any crystallization of drug even after 3 years. This
indicated that there was a large margin of safety with
respect to potential crystallization of Compound 1 in
the solid dispersion formulation. It may be mentioned
here that the microscopic examination was found to

melting temperature and, in the XRD study, the drug
concentration is below the sensitivity of detection.

A slowdown in the dissolution rate was observed
after 6 months in capsules stored at°@j75% RH
only (Table ). This slowdown in dissolution has been
attributed to possible cross-linking of the gelatin shell
after storage at stress conditions. The phenomenon of
gelatin cross-linking and corresponding slowdown in
dissolution especially after storage at elevated temper-
ature and humidity conditions has been extensively
studied and reviewedurthy and Ghebre-Sellassie,
1993; Digenis et al., 1994

The pharmacokinetic parameters of the formu-
lations tested in bioavailability study are given in
Table 2 After adjusting for the doseCmax value for
the solid dispersion capsule was at least 15 times
that of the capsule containing micronized drug while
Cmax Of the oral solution was only twice that of the
solid dispersion capsule. The area under the curve
(AUC) values show that by formulation as a solid
dispersion the bioavailability of Compound 1 in dogs
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Table 2
Bioavailability of Compound 1 in dogs from different formulations

257

Formulation Dose (mg) Cmaxd (ng/ml) AUC? (ng h/ml) Absoluté bioavailability
IV solution 25 10681 (1252) 9782 (1071) -

Oral capsule (powder) 50 39.2 (6.9) 326 (153) 1.7 (1.0)

Oral solution 100 2558 (1386) 23769 (10023) 59.6 (21.4)

Oral capsule (solid dispersion) 100 1206 (319) 14004 (2611) 35.8 (5.2)

2 Mean (standard deviation) for = 3.

b Two 50 mg capsules formulated in 3:1 PEG 3350—polysorbate 80 mixture.

was increased by a factor of 21 as compared to a While the solubility of Compound 1 at pH above 6

capsule containing micronized drug. Although the
bioavailability of the oral solution was approximately

1.5 times that of the solid dispersion, the difference
may not be statistically significant when the standard
deviations are considered.

The in vivo performance of the conventional cap-
sule formulation could be correlated to its poor in vitro
dissolution profile as compared to the solid dispersion
formulations Fig. 3). In the solid dispersion formu-
lation the drug may be in a dissolved or amorphous

was below the HPLC detection limit of 0.@2/ml,

the solubility in a 40 mM sodium taurocholate solution
was 1.4ug/ml. As shown in th&able 3 the solubility
increased further when lecithin was added to the bile
salt solution. Thus, it may be concluded that the re-
lease of Compound 1 as submicron globules, coupled
with the high solubility in presence of surfactants and
solubilizing agents present in the Gl fluid, was respon-
sible for the bioavailability enhancement by the PEG
3350—polysorbate 80 solid dispersion system.

state as observed by the microscopic examination of

the solid matrix. Upon exposure to aqueous media, the
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