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ABSTRACT

The purpose of this study was to develop and evaluate a
solid nonaqueous oral dosage form for a new hepatitis C
drug, PG301029, which is insoluble and unstable in water.
Hydroxypropyl-β-cyclodextrin (HPβCD) and PG301029
were dissolved in glacial acetic acid. The acetic acid was
removed by rotoevaporation such that the drug exists pri-
marily in the complexed form. The stability of formulated
PG301029 was determined upon dry storage and after re-
constitution in simulated intestinal fluid (SIF), simulated
gastric fluid (SGF), and water. Formulated PG301029 was
found to be stable upon storage and can be reconstituted with
water to a concentration 200 times that of the intrinsic
solubility. Once reconstituted, the powder dissolves rapidly
and PG301029 remains stable for 21 hours in SGF, SIF, and
water. The unique use of acetic acid and HPβCD results in a
solid dosage form of PG301029 that is both soluble and
stable in water.

KEYWORDS: Hydroxypropyl-β-cyclodextrin, acetic acid,
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INTRODUCTION

Approximately 4 million people in the United States and up
to 500 million worldwide are infected with the hepatitis C
virus. In the United States, approximately 10 000 people
die annually from hepatitis C–related illnesses.1

Interferon and ribavirin are currently used to treat hepatitis C.
A treatment program combining both of these drugs is
considered to be most effective in establishing a sustained
virological response. According to Rossi and Wright,2 the
advent of pegylated interferon has brought increased ef-
fectiveness compared with that of standard interferon, for
monotherapeutic administration as well as for combination
therapy with oral ribavirin. Nevertheless, these approaches
are reported to be unsuccessful in more than 50% of treated
patients.3

In addition to having a low success rate, interferon is known
to cause a multitude of side effects. Some of these side ef-
fects, including depression, suicidal ideation, compromised
kidney function, and thyroid disease,4,5 are serious enough
to dramatically decrease patient compliance. Another chal-
lenge to patient adherence is that interferon must be ad-
ministered parenterally, as it is not well absorbed orally.5

In cell-based assays, PG301029 has been found to show
3 times the potency,6 100 times the therapeutic index, and far
fewer side effects in comparison to interferon and ribavirin.7

In addition, PG301029 reduces toxicity by 100 to 200 times
when given in conjunction with interferon and ribavirin.6

Furthermore, this nonpolar molecule is not likely to present
gastrointestinal permeability problems. Provided the exist-
ing solubility and stability challenges can be overcome, the
drug can be given orally.

PG301029 (5-phenyl-3-thioureido-1,2,4-thiadiazole), shown
in Figure 1, has a molecular weight of 236.32, and it melts
and decomposes at ~245°C. The molecule has a calculated
logP of 2.7, and 4 calculated pKas. The 2 acidic pKas are
greater than 10, and the 2 basic pKas are below 2.8-10

Unfortunately, PG301029 has a very low aqueous solubility
of 0.7 μg/mL and degrades in water. In addition, the drug’s
lack of a usable pKa makes it difficult to formulate. If
PG301029 can be formulated for oral administration to solve
the aqueous stability and solubility issues, that formulation
may become valuable in treating hepatitis C.

Many publications have provided evidence that inclusion
complexation can increase drug solubility and stability.11-13

The benzene moiety of PG301029 makes it an ideal can-
didate for inclusion complexation with hydroxypropyl-
β-cyclodextrin (HPβCD).14,15 Loftsson et al16 have shown
that the formation of complexes can be inceased between
HPβCD and various acidic and basic drugs by ionizing the
drug in aqueous media. In fact, Kruss et al,17 Loftsson,18

and Loftsson and Masson19 have filed patent applications
proposing variations on this ionization approach for en-
hancing complexation efficiency. Because PG301029 is not
ionizable and not stable in aqueous media, an alternative
approach is presented in which the drug is dissolved and
complexation forced without exposing PG301029 to water.
The novelty of the formulation proposed is in the use of
neat acetic acid as a solvent and not an ionizing agent. Neat
acetic acid is employed as the ideal solvent to dissolve

AAPS PharmSciTech 2006; 7 (1) Article 18 (http://www.aapspharmscitech.org).

E1

Corresponding Author: Jennifer L. H. Johnson, ImaRx
Therapeutics, Inc, 1635 E 18th St, Tucson, AZ 85719.
Tel: 520-770-1259 ext. 159; Fax: 520-626-4063;
E-mail: jjohnson@imarx.com



HPβCD and PG301029 together, and solvent evaporation
increases the degree of complexation as the solution be-
comes increasingly concentrated. The final product is a dry
powder consisting of HPβCD, PG301029, and acetic acid
where the drug predominantly exists in the complexed
form. The powder can be reconstituted with water to an in-
creased drug concentration, as compared with the intrinsic
solubility, and the PG301029 remains stable.

MATERIALS AND METHODS

Materials

The PG301029 used in this study was good laboratory
practice (GLP) grade and donated by Procter & Gamble
(Cincinnati, OH). All other materials used were at least
reagent-grade, and all of the studies were done at room
temperature: 25 ± 2°C.

Melting Point Determination

The melting point and subsequent decomposition of PG301029
were measured by differential scanning calorimetry (TA In-
struments 910, model 910001–901, TA Instruments, New
Castle, DE) at a heating rate of 5°C/minute.

Determination of PG301029 Intrinsic Solubility

The apparent intrinsic aqueous solubility of the drug was de-
termined, in triplicate, by oversaturating Millipore (reverse
osmosis) water with the raw drug, rotating for 2 hours, and
filtering prior to analyzing the clear solution by high-pressure
liquid chromatography (HPLC). To minimize possible de-
gradation, all samples were rotated with enough excess drug
to allow constant dissolution as potential degradation occurred.
In addition, the samples were analyzed within 15 minutes after
filtration.

Determination of Solubility Dependence on pH

The solubility of PG301029 was measured in 0.1M HCl,
unbuffered water, 0.1M sodium phosphate, and 0.1 glycine/

NaOH buffer solutions at pH values of 1, 6, 7.5, and 10,
respectively. Each sample was prepared by oversaturating
the solution with the drug, followed by sonication and agi-
tation by vortex. The triplicate samples of each solution were
filtered prior to being analyzed by HPLC according to the
assay described below. Again, aqueous degradation was mini-
mized by analyzing all samples within 15 minutes of filtration.

Preparation of PG301029 in HPβCD/Acetic
Acid Formulation

HPβCD (Cavasol W7 HP, Wacker Biochem Corp, Adrian,
MI) and PG301029 were initially dissolved together in gla-
cial acetic acid (ACS Reagent, Spectrum Quality Products,
Inc, Gardena, CA) at a 1/0.0022/10 weight ratio or a 100/1/1
000 000 molar ratio, respectively. Dissolution was facili-
tated by alternating vortexing with sonicating until the sol-
ution was clear, as evidenced by the absence of a Tyndall
effect when the solution was illuminated by a laser pointer.
The acetic acid was then removed by rotoevaporation for
~30 minutes. This allowed the solution to become gradu-
ally more concentrated, thereby encouraging complexation.
Once all of the liquid is removed, a solid white powder
consisting of HPβCD, PG301029, and residual acetic acid
remains.

This rather high (100/1) molar ratio of cyclodextrin to drug
was found to best facilitate the drug’s complexation as well
as to best allow aqueous reconstitution to a clear solution.
The final component proportions were determined as fol-
lows. First, HPβCD and PG301029 were dissolved to their
maximum solubilities (10% wt/wt and 0.2% wt/vol, re-
spectively) in glacial acetic acid. Second, after the acetic
acid was removed and the powder was thoroughly dried,
weighed aliquots of the powder were reconstituted with
increasing volumes of water and filtered to remove precip-
itate. Third, the resulting solutions were analyzed by HPLC
for soluble PG301029 concentration. The volume of the
solution with the highest soluble drug concentration was
chosen as that most desirable for reconstitution. Last, the
amount of drug necessary in the initial acetic acid dissolu-
tion step was calculated so filtration would be unnecessary
after reconstitution.

Preparation of PG301029 Physical Mixtures

Two physical mixtures with component ratios equal to those
of the final formulation were prepared. One mixture con-
sisted of HPβCD/PG301029 (454.5/1) (wt/wt) or (100/1)
molar ratio, and the other consisted of HPβCD/acetic acid/
PG301029 (454.5/50/1) (wt/wt/wt) or (100/200/1) molar
ratio. Both were prepared by trituration for 5 minutes using
a mortar and pestle.

Figure 1. The structure of PG301029.
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HPLC Assays

PG301029 concentrations were assayed by HPLC using an
Agilent 1100 series photo diode array detector (Agilent Tech-
nologies, PaloAlto, CA). ARestek pinnacle octyl amine, 5 µm,
150 × 4.6 mm column (Restek Chromatography Products,
Bellefonte, PA) was used to separate eluents while running a
mobile phase of acetonitrile and water in a 32:68 concentra-
tion ratio. Themobile phase flow rate was set to 1mL/min, and
the column temperature was controlled at 37°C. Each injec-
tion volume was 20 μL. The wavelength of detection was
254 nm, and the run and PG301029 retention times were 10
and 6 minutes, respectively. Acetic acid concentrations were
assayed using the same conditions, except the detection wave-
length was 210 nm and the retention time was 2.5 minutes.

Both HPLC assays were validated for linearity and precision.
Linearity was confirmed for PG301029 covering concentra-
tions in the range of 0.13 µg/mL to 220.00 µg/mL with an R2

value greater than 0.999. Linearity was also achieved for
acetic acid for concentrations ranging from 0.01% to 0.1% by
volume. The R2 value for acetic acid was greater than 0.980.
The intraday and interday relative standard deviations for both
assays were less than 1%. The PG301029 assay is able to sepa-
rate degradation products from the drug and acetic acid peaks.

Characterization of HPβCD/Acetic
Acid/PG301029 Formulation

Formulated PG301029 Concentration

To determine the drug concentration present in the prop-
osed solid formulation, ~10 mg aliquots of the solid pow-
der were weighed and then dissolved, in quadruplicate, in
2 mL of the HPLCmobile phase. All samples were analyzed
according to the HPLC assay detailed above.

Determination of Residual Acetic Acid

To determine the acetic acid present in the proposed solid
formulation, a standard curve was established by diluting
acetic acid with mobile phase into 3 different known con-
centrations. Then, ~10 mg aliquots of the solid powder were
weighed and then dissolved, in quadruplicate, in 2 mL of
the HPLC mobile phase. All samples were analyzed accord-
ing to the HPLC assay detailed above. Final concentrations
of acetic acid were calculated according to the original weight
of the powder sample dissolved.

Characterization of Residual Acetic Acid

Approximately 20 mg aliquots of the formulation were
weighed and heated in an attempt to remove the residual
acetic acid. Two samples were heated at 60°C for 4 hours,
and 2 others were heated at 120°C for 12 hours. All samples

were subsequently reconstituted and analyzed by HPLC for
acetic acid and drug concentration.

Differential Scanning Calorimetry
Formulation Characterization

The solid HPβCD/acetic acid/PG301029 formulation, pure
HPβCD, and the HPβCD/PG301029 physical mixture were
each separately analyzed by differential scanning calorimetry
(TA Instruments 910, model 910001–901). Each sample was
heated from room temperature to 300°C at a rate of 5°C/minute.

Physical Stability Upon Reconstitution

The physical stability of the HPβCD/acetic acid/PG301029
formulation upon reconstitution was determined inMillipore
water at pH 6.1. The necessity of the acetic acid step was
also investigated. The 2 physical mixtures and the HPβCD/
acetic acid/PG301029 formulation were reconstituted as
follows: ~10 mg aliquots of each powder were weighed and
then dissolved in 2 mL of Millipore (reverse osmosis) water.
After 30 seconds of vortexing, the HPβCD/PG301029
physical mixture and the HPβCD/acetic acid/PG301029
formulation solutions were filtered and the soluble drug con-
centrations were obtained in triplicate, for each powder,
using the HPLC assay described above. The HPβCD/acetic
acid/PG301029 physical mixture did not require HPLC analy-
sis because the mixture did not dissolve when reconstituted.

Determination of Aqueous Chemical Stability of PG301029

The aqueous stability of both the unformulated raw drug
and the HPβCD/acetic acid formulated PG301029 was de-
termined for 21 hours in 3 systems: unbuffered Millipore
water at pH 6.1, simulated gastric fluid (SGF) at pH 1.2,
and simulated intestinal fluid (SIF) at pH 7.5. The SGF and
SIF were prepared according to USP XVII instructions but
without the pepsin and pancreatin. All of the drug concen-
tration determinations were obtained in triplicate using the
HPLC assay described above.

Unformulated PG301029

The initial unformulated drug concentrations were prepared
in triplicate by adding an excess of PG301029 to a 4 mL
volume of the aqueous solution. Each vial was rotated for
2 hours, filtered by a 0.45 μm Acrodisc syringe filter (Pall
Corp, East Hills, NY), and assayed both immediately and
approximately every 2 hours thereafter, for a 21-hour period.

Formulated PG301029

The HPβCD formulated PG301029 solutions were prepared
by reconstituting ~200 mg aliquots of the solid formulation
in 2 mL of aqueous solution. These solutions were also as-
sayed for drug concentration immediately upon reconstitu-
tion as well as every 2 hours for the 21 hours that followed.
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Determination of Chemical Stability of PG301029 in
Dry Powder Formulation

The drug’s stability in the proposed solid HPβCD formu-
lation, upon storage, was determined by HPLC assay of the
drug concentration immediately after reconstitution in water.
This was done in quadruplicate immediately after initial
formulation preparation and at 4, 5, 6, 8, 10, and 13 months
of storage at room temperature. All stability studies were
performed at room temperature.

Statistical Methods

All of the values herein are reported as means and standard
deviations of the replicate determinations. Simple linear
regression was used to establish the precision of the HPLC
assays. Specifically, coefficients of determination (R2 values)
and slopes were compared to determine interday and in-
traday replicability. All of these calculations were made
using Microsoft Excel.

RESULTS AND DISCUSSION

Unformulated PG301029 Characterization

The melting point of the compound is 245°C, above which
it decomposes. The apparent intrinsic aqueous solubility of
PG301029 is 0.7 μg/mL. The solubility of PG301029 is
also 0.7 μg/mL at pH values of 1, 6.1, 7.5, and 10.

Previously, Wong et al20 reported the PG301029 solubility
to be 50 μg/mL. This discrepancy with our measured 0.7
μg/mL is believed to be due to degradation and the dif-
ference in the 2 methods of analysis. To determine the
drug concentration, Wong et al used spectrophotometry,
which is unable to separate the drug from its degradation
products. HPLC enables the differentiation of the drug
from its degradation products.

HPLC Assays

Figure 2 shows sample chromatograms for PG301029.
The bottom chromatogram shows peaks at 4 minutes and
5.5 minutes, which represent degradation products of
PG301029. This degradation was observed as the peaks at
4 and 5.5 minutes increased in size as the PG301029 peak
decreased in size over time while in water.

Formulated PG301029 Solubility and Stability

The presence of the benzene ring in PG301029 was the
guiding factor in formulating with cyclodextrin. A benzene
ring is known to be the ideal structure to snugly form an
inclusion complex with HPβCD.14,15 A relatively large
amount of cyclodextrin is used in the current formulation.

This ensures that the PG301029 is primarily in the com-
plexed form.16 Unique to the proposed formulation is the
use of acetic acid, which is ideal because it is generally
regarded as safe (GRAS) and because both the drug and the
cyclodextrin are soluble enough in acetic acid to obtain a
solution at the desired concentration. In addition, PG301029
is stable in acetic acid. PG301029 is stable for 13 months
upon dry storage in the solid formulation.

Once the solid formulation is introduced into water, the
reconstituted pH is ~3 and the proposed vehicle increases the
soluble drug concentration to 0.2 mg/mL. As indicated in
Figure 3, raw PG301029 is most stable in SIF at pH 7.5
and relatively unstable in water; the degradation is most pro-
nounced in SGF at pH 1.2. In contrast, the drug is stable
under all 3 aqueous conditions in the HPβCD/acetic acid
formulation. Error bars represent the percent relative standard
deviation of the mean determined percent concentrations.

The mechanism of increasing the stability of PG301029 is
unknown. It is possible that the presence of the cyclo-
dextrin simply provides steric hindrance or that the cyclo-
dextrin hydroxyl groups interact with the sulfur group. In
any case, degradation is prevented for 21 hours.

Final Formulation Component Concentrations

The final solid powder consists of HPβCD, acetic acid, and
PG301029 in a molar ratio of 100/200/1. The residual acetic

Figure 2. High-pressure liquid chromatography (HPLC) chroma-
tograms for the same sample of PG301029 in water over a 24-hour
period. The reduction in size of the drug peak and the increase
in size of the other peaks over time suggest degradation of
PG301029 in water.
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acid content in the solid formulation is 10% by weight.
Once the powder is reconstituted in water, the final con-
centration is 1%.

Characterization of Residual Acetic Acid

At 60°C for 4 hours and 120°C for 12 hours, ~10% of the
remaining acetic acid was removed, resulting in a final
average residual concentration of 9%. Analyses of the
PG301029 concentration showed that in both temperatures
the drug degraded by 10% or more.

Aree et al21 have reported that acetic acid forms an inclu-
sion complex with cyclodextrin when HPβCD is dissolved
in 10% acetic acid and allowed to recrystallize through slow
solvent evaporation. It is unknown whether the residual
acetic acid present in the proposed dry powder formulation is
part of the complex. However, the fact that the remaining
acetic acid was not easily removed combined with the final
stoichiometric ratio of 2 acetic acid molecules per cyclo-
dextrin molecule, suggests that the acetic acid is, to some
degree, involved in the complex. Through x-ray diffraction,
Aree et al21 have shown that a complex between HPβCD
and acetic acid can be accomplished through hydrogen bond-
ing. They show that the acetic acid carboxyl hydrogen bonds
with the hydroxyl groups of the cyclodextrin while the
2 carbons of the acid are positioned inside the nonpolar cavity.

Based on the data of Aree et al,21 it is possible that the
aromatic ring of the PG301029 is snugly enmeshed be-
tween the 2 carbon chains of 2 acetic acid molecules and
that a network of hydrogen bonds readily occurs between
the 2 carboxyls, the cyclodextrin hydroxyls, and the PG301029
amines. Furthermore, it is possible that the presence of the
acetic acid molecules in the complex shields the PG301029
molecule from aqueous degradation.

Differential Scanning Calorimetry Characterization

Because the PG301029 concentration in the formulation is
so low and the DSC pan size can accommodate only 5 mg in
a sample, the solid HPβCD/acetic acid/PG301029 formu-
lation and the HPβCD/PG301029 physical mixture were
expected to produce very small drug endotherms. There-
fore, the scans were expanded to facilitate examination of
the temperature range surrounding the known melting point
of PG301029. The HPβCD component of both scans is
comparable to that of pure HPβCD. This indicates, in both
cases, the presence of uncomplexed cyclodextrin. The
physical mixture also shows an endotherm corresponding
to the melting point of the pure drug, at 245ºC, while the
proposed formulation does not. This evidence suggests that
the PG301029 present in the proposed formulation is com-
plexed while it is not complexed in the physical mixture.
Additional evidence to support the existence of the complex
between PG301029 and HPβCD lies in the prolonged
stability of the drug upon reconstitution of the formulation;
this stability is most dramatically observed under acidic
conditions.

Physical Stability of PG301029 Upon Reconstitution

The use of acetic acid is shown to facilitate the complex,
because the soluble PG301029 concentration upon recon-
stitution in water is only 0.046 mg/mL for the HPβCD/
PG301029 physical mixture. This is compared with a sol-
uble concentration of ~0.2 mg/mL when acetic acid is used
to form the complex. In addition, the method in which the
acetic acid is used and then evaporated is important, as
evidenced by the fact that the ternary physical mixture of
HPβCD, acetic acid, and PG301029, in equivalent ratios,
does not dissolve upon aqueous reconstitution.

Figure 3. A comparison of the stability of unformulated PG301029 and PG301029 formulated in hydroxypropyl-β−cyclodextrin/acetic
acid in simulated intestinal fluid (SIF), simulated gastric fluid (SGF), and water.
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CONCLUSION

Through use of only HPβCD and glacial acetic acid, an oral
dosage form is presented in which the solubility and the
chemical stability of PG301029 are substantially increased
in aqueous media. The HPβCD provides a shield for the
drug from the hydrophobic effect and from aqueous deg-
radation. Specifically, once dissolved in water, the vehicle
increases the soluble concentration by a factor of 285 (from
0.7 μg/mL to 0.2 mg/mL) and degradation is prevented for
21 hours after reconstitution in water and simulated gastro-
intestinal fluids. The formulation can be given orally in
solid form or reconstituted with water at a 1/10 (wt/wt) ratio
immediately before administration.
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