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The nucleoside analog R1479 is a potent and highly selective
inhibitor of NS5b-directed hepatitis C virus (HCV) RNA poly-
merase in vitro. Because of its limited permeability, lipophilic pro-
drugs of R1479 were screened. Selection of the prodrug involved
optimization of solubility, permeability, and stability parameters.
R1626 has dissociation constant, intrinsic solubility, log partition
coefficient (n-octanol water), and Caco-2 permeability of 3.62, 0.19
mg/mL, 2.45, and 14.95 × 10–6 cm/s, respectively. The hydrolysis of
the prodrug is significantly faster in the Caco-2 experiments than in
hydrolytic experiments, suggesting that the hydrolysis is catalyzed
by enzymes in the cellular membrane. Using GastroPlus™, the
physical properties of R1626 successfully predict the dose depen-
dence of the pharmacokinetics in humans previously studied. The
program predicts that if the particle size of R1626 is less than 25
μm, it will be well absorbed. Prodrugs with a solubility of greater
than 100 μg/mL and permeability in the Caco-2 assay greater than
3 × 10–6 cm/s are expected to achieve a high fraction absorbed.
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INTRODUCTION
Optimization of the physicochemical properties of drug candi-

dates to improve oral bioavailability is vital in the drug selection
process (Avdeef, 2001; Di & Kerns, 2006; Hageman, 2006; Ho,
Park, Morozowich, & Higuchi, 1976; Ungel & Abrahamsson,
2001). Prodrugs (Albert, 1958) are a common approach to
improve the physical properties and overcome the barriers to oral
absorption (Beaumont, Webster, Gardner, & Dack, 2003; Cho,
2006; Gomez-Orellana, 2005; Mackman & Cihlar, 2004; Stanc-
zak & Ferra, 2006; Stella, 2006; Stella, Charman, & Naringrekar,
1985). Because of the hydrophilic nature and the resulting low
permeability of many nucleoside and nucleotide drugs, they are
frequently considered as candidates for prodrug formation (Li,
Maag, & Alfredson, in press; Poijärvi-Virta & Lönnberg, 2006).

For prodrugs that seek to increase passive permeability, such as
oseltamir, zanamivir, and famciclovir, obtaining the right balance
of lipophilicity and solubility can be challenging and is of impor-
tance in selection of a successful drug candidate (Ettmayer, Ami-
don, Clement, & Testa, 2004; Stella, 2007).

Hepatitis C virus (HCV) infection is a leading cause of liver
diseases such as cirrhosis and hepatocellular carcinoma. Nucleo-
side and nucleotide inhibitors for the treatment of HC are in vari-
ous stages of development (Shim, Hong, & Wu, 2006). The
nucleoside analog R1479 (4′-azidocytidine) is a potent and highly
selective inhibitor of NS5b-directed HCV RNA polymerase in
vitro (Devos et al., 2002; Klumpp et al., 2006). Optimization of
the physicochemical properties of the drug to improve the bio-
availability resulted in the selection of the tri-isobutyrate prodrug,
R1626 (Alfredson et al., 2006; Li, Maag, & Alfredson, in press;
Smith et al., 2006). The prodrug has shown high blood plasma
levels of the parent compound and low levels of the potential
mono- and diester analogs in single ascending dose studies from
500 to 12,000 mg (Robson et al., 2007). Furthermore, the prodrug
has shown robust antiviral activity, in monotherapy in chronic
HCV patients (Roberts et al., 2006). In this article, the physico-
chemical properties of the hydrochloride salt of R1626 are
reported, and GastroPlus™ software was used to understand the
relationship between the key pharmaceutical properties of pro-
drugs of R1479 and the extent of absorption. The analysis shows
that alkyl ester prodrugs of nucleosides that improve passive per-
meability can have a high oral bioavailability by obtaining the
optimum balance of lipophilicity and solubility.

MATERIALS AND METHODS

Materials
The crystalline hydrochloride salt of R1626, R1626 (free

base), a mixture of the 2′- and 3′-monoisobutyrate esters, the
5′-monoisobutyrate ester, 2′-3′-di-isobutyrate ester, and R1479
hemi-sulfate were prepared by Chemical Development, Roche
Palo Alto (Palo Alto, CA, USA). All other reagents were of
analytical grade.
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pH Determination
pH measurements were taken at room temperature using an

Orion Triode™ pH meter (model 611; Thermo Scientific,
Waltham, MA) electrode calibrated with aqueous standard buffer
solutions. pH values have not been corrected for temperature.

Dissociation Constant
The dissociation constant of R1626 was determined at 25.0 ±

0.5°C and 0.15 M (KCl) ionic strength using the Sirius GLpKa
titrator (Sirius Analytical Instrument Ltd., East Sussex, UK).
The GLpKa titrator was controlled by GLpKaControl (version
1.005). Approximately 3–4 mg of the compound was weighed
into four titration vials; 18 mL of 0.15 M (KCl) aqueous solu-
tion was added to each vial. The titration assays were per-
formed from pH 2.0 to 10 under argon atmosphere using
standardized 0.5 M HCl and 0.5 M KOH as titrants. A differ-
ence curve of average number of bound protons versus pH was
derived by subtracting the blank titration curve (titration in
20 mL 0.15 M KCl aqueous solution only) from the sample
titration curve. The titration data were uploaded from the
GLpKa titrator to a computer and refined by the pKaLOGP
software (version 5.2a) using “goodness-of-fit” (GOF).

Solubility Determination
For solubility in water, excess of R1626 was added to 4 mL

of solvent in glass vials with Teflon-lined screw caps. The
samples were tumbled (at 25 rpm) for 1–5 days in the solubility
bath maintained at 25°C. At selected time intervals, sample
suspensions were centrifuged, and the solutions were diluted
and assayed by high-performance liquid chromatography
(HPLC).

The pH-solubility measurements were made by adding
approximately 1.0 g of drug to 10 mL of water to form a sus-
pension. Samples were vortexed and left to sit for at least
20 min before measuring the pH value, then the sample was fil-
tered through a 0.45-μm Pall Gellman Acrodisc filter and
diluted with 50% acetonitrile before analysis by using HPLC.
The drug suspension was then titrated with 1.0 M KOH to raise
the pH. Again, the suspensions were vortexed and left to sit for
at least 20 min before measuring the pH value. Additional drug
was added as necessary. Results are in terms of the free base
form of the drug.

Partition Coefficient
The partition coefficient (log P) of R1626 was determined

at 25°C using the Sirius GLpKa titrator. The general titration
method and data analysis are the same as described in section
“Dissociation Constant.” For log P measurement, approxi-
mately 4 mg of R1626 was weighed into four titration vials,
and 18 mL of 0.15 M KCl aqueous solution was added into
each vial. Then, 0.1, 0.2, 0.3, and 0.5 mL of n-octanol was
added in vials 1–4 accordingly. The sample was titrated from

pH 2.0 to 10 with standard 0.5 M HCl and 0.5 M KOH. pKa
values of R1626 were measured in aqueous and in the aqueous/
n-octanol phases, respectively. The log P value was calculated
based on the pKa shifts at different n-octanol/aqueous volume
ratios.

Permeability by Caco-2 Measurements
Caco-2 Cell Culture

Caco-2 cell monolayers were prepared and provided by Cell
Culture Core Facility in Roche Palo Alto. Caco-2 cells were
maintained at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM/high) from Gibco Life Technologies (Gaithersburg,
MD, USA) with 10% fetal bovine serum, 0.1 mM MEM non-
essential amino acids, 2 mM L-glutamine, and 100 U/mL peni-
cillin and 100 U/mL streptomycin in an atmosphere of 5% CO2
and 90% relative humidity. Cells were grown in T225, Corning
Vented Cap/Canted Neck, polystyrene, treated, nonpyrogenic
(Corning, NY, USA), and split twice per week at 1:15 split
ratio. The cells were plated at a density of 78,000 cells/cm2 on
precollagen-coated Transwell polytetrafluoroethylene (PTFE)
membrane filters (12-well Transwell inserts, collagen-coated,
PTFE membrane, and 0.4 μm pores from Corning). The media
was changed twice per week. The cells were used at passage
110–120. The Caco-2 monolayers were cultured for 21 days
before use.

Buffer Preparation
The Kreb–Henseleit buffer was prepared by following the

manufacture’s instructions. The buffer solution was stored in
4°C and warmed up to 37°C before use. Before the experiment,
pH of the Kreb–Henseleit buffer was adjusted to 6.5 (for apical
side) and 7.4 (for basolateral).

Dosing Solution Preparation
5.73 mg of R1626 was dissolved in 1 mL of dimethyl sulfoxide

(DMSO). 46.3 μL of this solution was diluted to 25 mL using pH
6.5 Kreb–Henseleit buffer. The concentration of the dosing solu-
tion is 20 μM.

Apical to Basolateral (A to B)
Caco-2 cells were rinsed with the Kreb–Henseleit buffer.

pH 6.5 buffer (0.5 mL) was added to the apical side of cell
monolayers and 1.25 mL of pH 7.4 buffer to the basolateral
side. Cells were equilibrated in a 37°C incubator under an
atmosphere of 5% CO2 and 90% relative humidity for at least
30 min and then Transepithelial electrical resistance (TEER)
was measured. TEER values were between 300 and 500 Ω
cm2. The apical side buffer was then removed and replaced
with 0.5 mL of the prewarmed 20 μM R1626 dosing solution.
After 30-, 60-, and 90-min time points, the cells were trans-
ferred to a new plate that had 1.25 mL prewarmed pH 7.4
buffer solution on the receiver sides. The media from all plates
were collected as receiver samples.
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During the experiment, cell monolayer integrity was evalu-
ated. Before the study, the TEER was monitored with a Milli-
Cell ERS device (Millipore, Marborough, MA, USA). In
addition, after 60 min of transport studies, 50 μL of 0.5 mg/mL
Lucifer Yellow CH solution was dosed to the apical side of cell
monolayers. The cells were incubated for another 30 min and
then the receiver samples were collected for fluorescence mea-
surement at excitation and emission wavelengths of 409 and
530 nm, respectively.

Sample Analysis
[13C15N]-R1479 was used as internal standard with a con-

centration of 102 ng/mL. The standards of R1626, R1626
monoester, R1626 diester, and R1479 were prepared by dilut-
ing the stock solution with Kreb–Henseleit buffer solution; the
final concentrations were from 0.2 to 1,146 ng/mL. The sam-
ples were acidified to pH 5 and analyzed by reverse-phase
HPLC MS methodology on a Thermo Hypersil-Keystone
Aquasil C18 column using a 0.1% formic acid-methanol gradi-
ent and electrospray ionization on an MSD SCIEX API-4000
mass spectrometer.

Data Analysis
The dQ/dt of test substance was calculated from sampling

data at 30, 60, and 90 min. The apparent permeability coeffi-
cient (Papp) was calculated from the following equation:

where dQ is the change in total amount of R1626, R1626 di-
isobutyrate ester, R1626 monoisobutyrate ester, and R1479 in
the receiver; A is the surface area (cm2) of the insert; C0 is the
initial concentration of drug substance; and dQ/dt is the change
in drug substance amount in the receiver solution over the
90-min incubation time, that is, the slope of the drug substance
amount in the receiver solution versus time.

Chemical Reactivity
Reaction solutions of R1626 at a concentration of approxi-

mately 50 μg/mL in 0.001–0.1 N HCl, 0.01 M potassium ace-
tate, 0.01 M potassium phosphate dibasic, and 0.01 M
potassium carbonate anhydrous at various pH values were pre-
pared. The ionic strength of the aqueous solutions was adjusted
to 0.15 M with potassium chloride.

All sample solutions were flame-sealed into 1 mL clear
glass ampoules. Samples of pH 1.05–8.0 were placed in ovens
at 40, 50, and 60°C (sample in pH 5.13 was additionally set at
80°C). Samples of pH 9.0–10.85 were placed in ovens at 10°C
to 40°C. Several samples at each pH were stored at –20°C to
serve as control solutions (“zero time”) for the calculation of
percentage remaining at the time of assay. At selected time

intervals, individual samples were removed from the elevated
temperature ovens and stored at –20°C. Samples were allowed
to warm to room temperature before analysis by using HPLC.
All samples were assayed by using HPLC and the percentage
of remaining R1626 was calculated by comparing to –20°C
control solutions.

First-order kinetic data for the disappearance of drug were
analyzed by fitting the percentage of R1626 versus time to an
exponential equation using the data analysis program Kaleida-
Graph™ (Synergy Software, Reading, PA, USA). pH-rate
profile curves were drawn with the smooth function in
KaleidaGraph™.

HPLC Methodology
Samples were analyzed by HPLC using the equipment and

parameters described in Table 1.

GastroPlus™ Simulations
The percentage absorbed (%Fabs) was calculated using the

GastroPlus™ software version 5.2.0 from Simulations Plus,

P
Q

t A Capp =
d

d

1

0
×

×
, (1)

TABLE 1 
High-Performance Liquid Chromatography 

(HPLC)-UV Methodology

Parameter Description

Equipment Waters 2690 or Hewlett Packard 
1090

Column Zorbax SB-C8, 3.5 μm, 4.6 × 150 mm
Mobile phase A 20 mM potassium phosphate 

monobasic pH 2.5
Mobile phase B 20 mM potassium phosphate 

monobasic pH 2.5: acetonitrile 
(20:80)

Mobile phase flow rate 1.0 mL/min

Gradient Time (min) % A % B

0 98 2
2 98 2

40 0 100
44 0 100
45 98 2

Detection wavelength 270 nm

Retention time R1479 5.1 min

2′-Monoisobutyl ester 12.4 min
5′-Monoisobutyl ester 13.7 min
3′-Monoisobutyl ester 14.0 min
2′,3′-Di-isobutyl ester 21.1 min
R1626 27 min



686 M. BRANDL ET AL.

Inc. (Lancaster, CA, USA). Calculations in GastroPlus™,
which uses the Advanced Adsorption and Transit (ACAT)
model extended from the work of Yu and Amidon (1999) to
describe oral absorption, were done by using physical proper-
ties of the drug when known. Default values were used for
unknown physical properties and in vivo parameters. Caco-2
values were converted to human effective permeability by
using a set of compounds with known effective permeability
studied in Caco-2 cells prepared in the same manner as those
used in this study. The conversion of Caco-2 value to effective
permeability is

GastroPlus™ predictions of the %Fabs were tested by compar-
ing the observed AUC(0–infinity) of R1479 from clinical data
(Stella, 2006) at doses ranging from 500 to 12,000 mg R1626
with a predicted AUC, using the equation

This analysis assumes that pharmacokinetics of R1479 is pro-
portional at all doses and that the AUC depends on the fraction
absorbed.

RESULTS AND DISCUSSION

Dissociation Constant and Partition Coefficient
R1626 is a cytidine analog that protonates on the cytosine ring

(Figure 1). Using potentiometric titration, the dissociation con-
stant was determined in triplicate to be 3.62 ± 0.01 at 25°C and an
ionic strength of 0.15 M. The low basicity of the drug limits the
number of potential salt forms to those of strong acids such as the
hydrochloride salt (Stahl & Nakano, 2002). The strongly acidic
nature of the hydrochloride salt in solution suggested protection
from water to limit hydrolysis of the ester moieties.

The 1-octanol-water log partition was measured as 2.45 ±
0.02. This value is consistent with a highly permeable drug
(Buur, Trier, Magnusson, & Artusson, 1996; Fichert, Yazdanian,
& Proudfoot, 2003).

Solubility
The solubility of R1626 (hydrochloride salt) and R1626

(free base) in water was determined to be 10.0 (final pH 1.7)
and 0.19 mg/mL expressed as the free base, respectively. Thus,
the solubility factor (ratio of the solubility of the salt to the free
base) for the GastroPlus™ calculations is 52.

Figure 2 shows the results for pH-solubility studies for
R1626. The data were fitted to the equation

where C is the equilibrium solubility and Cintrinsic is the solubil-
ity of the free base form. The aqueous solubility is pH depen-
dent and decreases with increasing pH (pKa = 3.62). As the
solubility is greater than 100 μg/mL, dissolution is not
expected to be present a limit to absorption (Hörter &
Dressman, 1997).

Permeability
The Caco-2 model is commonly used to predict drug perme-

ability (Artursson, Palm, & Luthman, 1996; Bailey, Bryla, &
Malick, 1996). The effective permeability coefficient of R1626

Peff
[ 0.1264 + 0.5534  log(Caco-2) ] =  10 − . (2)

AUC AUC

F F

dose 500mg

abs (dose) abs (500mg)

= Dose,mg/500mg

% /%

×

× .
(3)

FIGURE 1. Protonation site of R1626.
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across 21-day Caco-2 monolayers was determined to be 14.95 ×
10–6 cm/s for apical (donor) to basolateral (receiver) direction for
the total amount of drug transported at 37°C. The value corre-
sponds to a human effective permeability of 3.3 × 10–4 cm/s (see
experimental section) (Artursson et al., 1996; Fichert et al., 2003).

Table 2 summarizes the percentage of R1626, di-isobu-
tyrate, monoisobutyrate, and parent drug at different time
points on the donor and receiver sides of the membrane. The
percent conversion from tri-isobutyrate to di-isobutyrate is
the highest, followed by parent drug and monoisobutyrate. As
the mono- and di-isobutyrates and drug present on the receiver
side of the membrane would diffuse back to the donor side, the
effective permeability coefficient may underestimate the effec-
tive permeability. On the basis of the correlation of oral
absorption in humans with Caco-2 permeability values
reported in the literature (Rubas, Jezyk, & Grass, 1993), R1626
is considered as a highly permeable drug.

Chemical Reactivity
Because of the formulation challenges with ester prodrugs

(Strickley & Oliyai, 2007), a pH-rate profile was completed.
The kinetics of degradation of R1626 in aqueous solution was
determined by following the disappearance of the drug (area
of the drug peak compared to a –20°C control sample). The
observed first-order rate constants (kobs) for the degradation
of R1626 at different temperatures in aqueous solutions are
summarized in Table 3. The pH-rate profile for the degrada-
tion of the R1626 in aqueous solution at 40, 50, and 60°C is
shown in Figure 3. Typical HPLC chromatograms are shown
in Figure 4.

The results show that the reaction is catalyzed by both acid
and base. The most stable pH for R1626 in aqueous solution

TABLE 2 
Percentage Observed of R1626 Relative to its Di-Isobutyrate, 

Monoisobutyrate, and R1479 in Transport Studies

Samples Well 1 Well 2 Average SD

% R1626
R-30 min 23.41 25.83 24.62 1.71
R-60 min 20.33 21.43 20.88 0.77
R-90 min 13.65 15.12 14.38 1.04
D-0 min 96.95
D-90 min 67.54 69.37 68.45 1.29

% R1626 di-isobutyrate ester
R-30 min 55.51 52.13 53.82 2.38
R-60 min 54.24 48.65 51.45 3.95
R-90 min 53.49 51.29 52.39 1.56
D-0 min 2.61
D-90 min 28.44 27.31 27.88 0.80

% R1626 monoisobutyrate ester
R-30 min 10.83 10.23 10.53 0.43
R-60 min 13.68 14.70 14.19 0.72
R-90 min 17.31 15.02 16.17 1.62
D-0 min 0.35
D-90 min 2.28 1.95 2.12 0.24

% R1479
R-30 min 10.25 11.81 11.03 1.10
R-60 min 11.75 15.22 13.48 2.46
R-90 min 15.55 18.57 17.06 2.14
D-0 min 0.09
D-90 min 1.74 1.37 1.55 0.26

D, donor; R, receiver.

TABLE 3 
Observed First-Order Rate Constants for the Degradation of RO4588161 in Aqueous Solution at Different Temperatures

kobs (day–1)

pHa 10°C 20°C 25°C 30°C 40°C 50°C 60°C 80°C

1.05 1.25 2.24 4.29
2.04 0.11 0.21 0.39
3.03 0.017 0.036 0.073
4.02 0.004 0.008 0.018
5.13 0.0014b 0.0044 0.013 0.098

1
6.00 0.01 0.028 0.082
7.10 0.097 0.3 0.8
8.00 0.68 1.84 5.08
9.00 0.41 1.31 4.1

10.00 4.54 13.54 31.74
10.85 6.54 56.4 65 234.5b

aMeasured at room temperature.
bExtrapolated using the Arrhenius equation.
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is around pH°5. The major degradation products are the
diesters of R1626, the monoesters of R1626, and the R1479.
Cytosine was found in some chromatograms. Because of the
reactivity in water, formulations are protected from exposure
to moisture.

Also, the hydrolysis of the prodrug observed in the perme-
ability studies is significantly faster than that observed in the
hydrolytic reactivity. For example, after 90 min, the donor and
receiver sides have 14.38 and 68.45% R1626, respectively,
whereas at pH 6.5 and 7.4 at 40°C, the aqueous half life is
greater than 10 and 2 days, respectively. Therefore, the data
suggest that the Caco-2 membrane catalyzes the hydrolysis of
the prodrug (Imai, Imoto, Sakamoto, & Hashimoto, 2005). The
hydrolysis of the R1626 by the intestinal membrane reduces
the metabolic complexity of the triester prodrug.

GastroPlusTM Simulations
Physical Property Parameters

Table 4 lists the physical property values used in the Gas-
troPlusTM calculations not previously identified.

FIGURE 3. pH-rate profiles for the degradation of R1626 in aqueous
solution.
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Prediction of the Effect of Dose
To test the GastroPlus™ model, the ability for it to predict

the effect of dose on AUC using clinical tablets (Ahmed et
al., 2007) was compared. To convert %F values to AUC, it
was assumed that the program accurately would predict the
%F value for the 500-mg dose. GastroPlus™ generally pre-
dicts the data very well (Figure 5). At dosing below 6,000
mg, it slightly overpredicts the AUC; at the 12,000-mg dose,
it underpredicts the AUC.

A common model for predicting the effect of dose is the
maximum absorbable dose (MAD) (Curatolo, 1998;
Fagerholm, 2007; Sun et al., 2004). In this model, the MAD is
defined as follows:

where Peff is the drug permeability in the human intestine, S the
aqueous solubility, L the length of the small intestine, and T the
residence time in the small intestine.
Using

• Peff = 3.3 × 10–4 cm/s;
• S = 0.19 mg/mL;
• T = 180 min for humans.

Thus, the MAD for R1626 is about 5,000 mg. If the effec-
tive absorption surface of 800 cm3 is used (Yu, 1999), an MAD
value of about 500 mg is obtained. The high AUC levels at
doses greater than the MAD suggest that the drug may have
good absorbance throughout the large intestine in addition to
the small intestine.

Effect of Particle Size
Particle size is frequently an important parameter for the

%F of low-solubility drugs (Johnson & Swindell, 1996).
Figure 6 shows the effect of particle size on doses of R1626
from 500 mg to 12,000 mg as predicted by GastroPlus™ from
2.5 to 250 μm. The percentage change in %Fabs varies from
13 to 29 and is at a maximum at a dose of 3,000 mg. More
importantly, the calculations predict that a variation in particle
size less than 25 μm results in a change in %Fabs of 6% or less.

Effect of Solubility and Permeability
As an increase in lipophilicity and the resulting increase in

permeability result in an expected decrease in solubility
(Ghosh & Mitra, 1991), getting the right balance in lipophicity
is important. Table 5 summarizes the relationship between sol-
ubility and Caco-2 permeability on the %Fabs calculated by
GastroPlus™. The calculations suggest that prodrugs of R1626

TABLE 4 
Physical Properties Used in GastroPlus™ Calculations

Parameter Value

Molecular weight 494.5 u
Dose volume 250 mL
Diffusion coefficient 0.5875 cm2/s × 105a

Drug particle density 1.2 g/mL
Mean precipitation time 900 s
Dosage form IR tablet
Particle size 5 μm

aCalculated based on molecular weight using ADMET Predictor™
from Simulations Plus, Inc.

FIGURE 5. Plot of dose versus AUC observed and predicted by using
GastroPlus™.
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can be obtained with a modest permeability in the Caco-2
assay of 1 × 10–6 cm/s although a solubility of greater than
250 μg/mL would be required. Similarly if the solubility is less
than 44 μg/mL, a high permeability is necessary. Targeting a
solubility of greater than 100 μg/mL and Caco-2 permeability
greater than 3 × 10–6 cm/s is expected to achieve a high %Fabs.
The MAD value obtained for this solubility and permeability is
about 100 mg.

CONCLUSION
The increase in exposure and dose proportionality for the

tri-isobutyrate prodrug over the parent nucleoside can be
explained by the high permeability and solubility of the pro-
drug. In general, targeting Caco-2 permeability and solubility
of greater than 3 × 10–6 cm/s and 100 μg/mL, respectively,
would be expected to give successful prodrugs for this class of
nucleoside prodrug.
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