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Abstract

In this paper, we describe the physicochemical and biopharmaceutical properties of 3-fluoro-2-pyrimidylmethyl 3-(2,2-
difluoro-2-(2-pyridyl)ethylamino)-6-chloropyrazin-2-one-1-acetamide, a direct thrombin inhitjtbid. 1). Three crystalline
forms were characterized and studies were planned to investigate the absorption characteristics of the three selected crystalline
forms. Due to the short half-life observed in preclinical species, regional absorption studies were also conducted to support
potential controlled release formulation development. Results showed that the absorpticasafependent on the surface area
of the particles administered as suspensions and was independent of the crystal forms. From Caco-2 cell transport studies, it was
determined that the permeability bfvas high. Based on the low aqueous solubility it would be classified as a class 2 compound
in the Biopharmaceutics Classification System. Regional absorption results suggested that the compound was absorbed along
the gastrointestinal tract in Beagle dogs, however colonic absorption appeared to be reduced by slower dissolution.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction display a slow onset of action and have the poten-
tial for drug/food interactions. Frequent coagulation

The standard treatment for DVT includes an initial monitoring is necessary to avoid bleeding caused
course of heparin or low-molecular weight heparin in by overtreatment or a risk of thrombosis caused by
combination with coumarins, followed by long-term undertreatmentGustafsson et al., 2001; Wahlander
treatment with coumarins alone. Each agent has its et al.,, 2002. These limitations have stimulated the
disadvantages. Heparin must be administered par-development of new anticoagulant therapies including

enterally. Coumarins have a narrow therapeutic index, direct thrombin inhibitors.

There is a need for new therapeutic agents for

the chronic treatment of DVT. Ideally these agents

* Corresponding author. Tek:1-215-652-0051. would display a wide safety margin and appropriate
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Fig. 1. Structure ofl: 3-fluoro-2-pyrimidylmethyl 3-(2,2-difluoro-2-(2-pyridyl)ethylamino)-6-chloropyrazin-2-one-1-acetamide.

physicochemical and pharmacokinetic properties per- rate of 10°C/min (model 2920 modulated DSC, TA
mitting oral dosing. In this paper, we describe the Instruments). The TGA analysis was conducted under
physicochemical and biopharmaceutical properties nitrogen flow at a heating rate of 1@/min (model

of a direct thrombin inhibitor ) which has been
previously described in the literatur8yrgey et al.,
2003. Three crystalline forms oflL were charac-

2050, TA Instruments).
The surface area was determined by the BET
method (Quantachrome NOVA 1200) with nitrogen

terized and studies were planned to investigate the as the adsorbate gas. The particle size was deter-
absorption characteristics of these forms. Due to the mined by optical microscopy or laser scattering sizing
short half-life observed in preclinical species, regional (Microtrac). Scanning electron microscopy was con-
absorption studies were also conducted to support ducted using a Philips Electro Scan ESEM 2020.
potential controlled release formulation development. Micrographs were collected at ambient temperature

2. Materials

3-Fluoro-2-pyrimidylmethyl  3-(2,2-difluoro-2-(2-
pyridyl)ethylamino)-6-chloropyrazin-2-one-1-acetam-
ide (Fig. 1) was obtained from the Process Research
Department, Merck Research Laboratories, Hoddes-
don, England. Methylcellulose, hydroxypropylcellu-
lose, sodium lauryl sulfate, hydroxypropgtcyclo-
dextrin and Hanks buffered saline solution (HBSS)
were commercially available.

3. Methods
3.1. Physicochemical characterization

The identification of polymorphs and hydrates was
determined by X-ray powder diffraction (XRPD),
differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). The XRPD patterns were
recorded at a scanning speed of 0.08With a scan-
ning angle of 4-40 2-theta, a voltage of 50kV, and
a current of 40mA (model D5000 Diffraktometer,

Siemens). DSC analysis was conducted as a modu-

lated mode scanning under nitrogen flow at a heating

with an operating voltage of 20kV and a filament

current of 1.81 mA at 5Torr for image acquisition.

The micrographs were acquired over a 30s time
period.

3.2. In vivo studies

All procedures were approved by the Merck Re-
search Laboratories Institutional Animal Care and Use
Committee and all research adhered to the “Guide for
the Care and Use of Laboratory Animals” (Institute
of Laboratory Animal Resources, National Research
Council, revised in 1996).

3.2.1. Animal experiments

Male Beagle dogs were obtained from Mar-
shall Farms (North Rose, NY) and housed in a
USDA-approved facility according to AAALAC
guidelines. Chronic vascular access ports were sur-
gically implanted under anesthesia in some dogs
several weeks before dosing. The animals were used
in a randomized crossover design. The animals were
fasted up to 16 h before each study period. Water
was returned at 2 h and food was returned at 4 h post
dosing. The suspension or solution was administered
via oral gavage or intestinal cannulae. Blood samples
were removed from cephalic vein catheters for the
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first eight hours post dosing. Blood samples at later 3.2.3. Determination of plasma concentrations

time points were taken by venipuncture. Blood sam-  An analytical method using liquid chromatogra-
ples were taken prior to dosing and at 15 min, 30 min, phy/atmospheric pressure chemical ionization tandem
1,2,3,4,6, 8, 12, and 24 h after dosing. Plasma was mass spectrometry (LC/APCI-MS/MS) for the quanti-
separated by centrifugation {€, 2500 rpm, 15min)  tation oflin dog plasma was developed and validated.
and kept frozen £70°C) until analysis by LC/MS/  The method employed a solid phase extraction (SPE)

MS. procedure to isolatt from the biological matrix. Both
the liquid transfer and SPE process using 96-well

3.2.2. Preparation of dosing suspensions and plates were performed with a TECAN automatic lig-

solutions uid handling system. An analog @fwas used as the

Aqueous suspensions df were prepared on the internal standard. Reconstituted extracts were ana-
day of each study with a mortar and pestle using lyzed by LC/APCI-MS/MS in the selected reaction
0.5% methylcellulose or 1.25% hydroxypropylcel- monitoring (SRM) mode. Chromatography was per-
lulose (HPC-SL) as the suspending agent at con- formed on a Kromasil C18 column (150 mwd.6 mm,
centrations of 0.2, 10 and 20mg/ml. An acidified 5pm) using 90:10 acetonitrile:aqueous 0.1% triflu-
aqueous solution of the thrombin inhibitdr was oroacetic acid. Under these conditions, no interfer-
prepared at a concentration of 10 mg/ml. The final ence was observed for eithéror its analog from
pH of the solution was 1.0. For the regional absorp- the endogenous components of dog plasma. The
tion studies, a solution of was prepared with 50% assay had a lower limit of quantitation (LOQ) of

hydroxypropylg-cyclodextrin (HPBCD). 5ng/ml plasma fotl based on 0.1 ml aliquots of dog
A colloidal dispersion formulation was prepared plasma. The standard curve was linear from 5ng/ml
with the monohydrate A form oflL using meth- to 20,000 ng/ml. The analysis time was 3.5min per

ods described in the literaturévérisko-Liversidge sample.
et al.,, 2003. The nanoparticles were prepared with
the NanoMil® milling system (Elan Drug Delivery,
King of Prussia, PA) using Polymill 500 (polystyrene
beads) as the grinding media. Hydroxypropylcellu-
lose (HPC-SL) and sodium lauryl sulfate (SLS) were
used as the stabilizers. The final dispersion con-
tained 12% TI, 2% HPC-SL and 0.12% SLS. The
rotation speed of the NanoMAI milling system was
5000 rpm. Particle size was measured after dosing us-
ing a Horiba LA 910 with a relative refractive index of
1.24+0.00i. The mean patrticle size was approximately
0.170pm.

The particle size of the anhydrous A form bfvas
optimized with the Nektar supercritical fluid technol-
ogy (SCF) using a process described in the literature
(Palakodaty and York, 1999; Edwards et al., 2001 3.3. Caco-2 cell culture
The surface area of the final needle-like crystalline ma-
terial was 35 rd/g, measured with the Horiba Surface Cells were grown on Transwell polycarbonate
Area Analyzer SA-6200 and the morphology of the membranes (3.@m pore size, 4.71 cfnsurface area)
particles remained the same as the original anhydrousfor 21-28 days using previously described methods
A material. The particle size was determined using a (Hidalgo et al., 1989 Mannitol flux was used as
Microtrac SRA150 and the mean was 1ph@. The a measure of monolayer integrity. Transport stud-
material was suspended at a concentration of 10 mg/mlies were conducted in the apical (luminal) to ba-
in 0.5% methylcellulose on the morning of the dog solateral (abluminal) direction using HBSS as the
study. medium.

3.2.4. Data analysis

Area under the plasma concentration versus time
curve (AUC) was calculated from observed data
points by the linear trapezoidal rule with WinNonLin
v.3.1 (Pharsight Corporation). The maximum plasma
concentration Cmax) and time ofCnax (Tmax) were
observed points. Arithmetic mean and standard er-
ror of the mean of AUCCmax and Tmax Were also
calculated with WinNonLin. Treatments were com-
pared using ANOVA and AUC an@nax values were
log-transformed to normalize the distribution of the
parameters.
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4. Results

4.1. Physicochemical characterization

solubility. The pH solubility profile showed a steep

increase in solubility below a pH of 2.5 corresponding

to a measurediy, of 2.1 (data not shown).
Micrographs of the three crystal forms are shown

Monohydrate A and monohydrate B were analyzed in Fig. 3. The anhydrous A form had needle-like
by TGA and showed a 3.9% weight loss between 50 morphology, however both hydrate forms consisted

and 125C indicative of a stoichiometric monohy-

of plates. The surface areas and particle sizes for each

drate (data not shown). DSC data showed a broad en-crystal form tested are describedTable 1

dotherm prior to the melting point df consistent with

loss of water from the crystal lattice (data not shown).

The crystal forms ofl were distinguishable by XRPD,
shown inFig. 2 Following dosing, the crystal forms of

the suspensions were verified by XRPD and all crys-

tal forms were physically stable for the duration of the
study.
Aqueous solubility was measured over 60h for

each of the three crystal forms and found to be ap-

proximately 0.007 mg/ml. Equilibrium solubility was
obtained within 5min and all forms gave similar

700 5
600 ‘
500 *
400 *

300 1

2005 i) J\AJM‘VJ\

4.2. In vivo studies

A summary of the pharmacokinetic parameters
after oral administration ol at doses of 1, 50 and
100 mg/kg is shown irTable 2 The plasma concen-
tration versus time curves for the 50 mg/kg dose are il-
lustrated inFig. 4. A three period crossover study was
conducted initially to determine the effect of crystal
form on the absorption df. The batches of used in
these studies are noted with an asteriskéble 2 The

100 4 j{ A

0

Fig. 2. Powder X-ray diffraction pattern of the TI monohydrate B (top), anhydrous A (middle) and monohydrate A (bottom) crystalline

forms.
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I 50 0
Monohydrate B
Fig. 3. Micrographs of the TI crystalline forms, illustrating the particle morphologies.
Table 1
Surface area and particle size of Tl crystalline forms
Anh A Mono A Anh A Anh A Mono A Mono B Mono A

Surface area (Aig) 6.9 6.1 52 45 23 1.7 1.2
Particle size

Average (.m) 10 3.2 25 60 10 15 50

Range .m) 5-25 5-105 5-200 5-90 4-45 5-170

<95% (um) 15 5.8 40 100 15 25 70
PS reduction method Sonication Jet mill Pin mill None Mortar/pestle Pin mill None
Morphology Needles Plates Needles Needles Plates Plates Plates
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Table 2

Summary of thrombin inhibitor pharmacokinetic parameters from Beagle dogs after oral administration of suspensions or a solution
Form Dose (mg/kg) Surface areafy) AUCo—h (uMh) Cmax (M) Tmax (h)
Anhydrous A ¢ = 5)? 50 6.9 110.38+ 8.55 15.61+ 1.43 22+ 04
Jet-milled monohydrate An(=5) 50 6.1 91.01+ 11.12 14.16+ 1.27 1.6+ 0.2
Anhydrous A ¢ =5) 50 4.5 92.55+ 9.97 14.31+ 1.55 2.0+ 0.3
Monohydrate A § = 5)2 50 2.3 50.46+ 8.39 7.90+ 1.23 2.0+ 04
Monohydrate B £ = 5)? 50 1.7 39.36+ 9.73 5.79+ 1.27 15+ 04
Monochydrate A ¢ = 3) 50 1.2 27.18t 6.18 4.27+ 0.99 2.3+ 0.3
Anhydrous A ¢ = 3) 100 5.2 108.64+ 4.57 17.64+ 1.65 2.7+ 0.7
Solution @ = 2) 50 N/A 558.67 (545.78, 571.87) 98.37 (98.94, 97.80) 2.0 (2.0, 2.0)
Jet-milled monohydrate Au(=2) 1 6.1 13.90 (14.03, 13.77) 2.23 (2.34,2.13) 2.0 (1.0, 3.0)
Monochydrate A ¢ = 2) 1 1.2 6.62 (5.79, 7.57) 0.92 (0.77, 1.11) 3.5 (4.0, 3.0)

The AUC andCpax values are geometric meanS.E.M., Tmhax Values are arithmetic meah S.E.M. Note. Individual values for groups

with n = 2 are given in parentheses.
a Used in the initial three period crossover studies.

AUC and Cnyax values for the anhydrous A suspen-

sion were significantly higher than both monohydrate
forms (P < 0.05) because the anhydrous A particles
had a needle-like morphology leading to a higher sur-
face area for the anhydrous A form. There were no

results are summarized ifable 2and Fig. 4. There
was a clear dependence of absorption on the surface
area of the suspension particles as showrkim 5
where graphs of 1/surface area versus 1/AUC and
1/Caxwere linear with regression coefficients of 0.99.

significant differences observed between monohydrate Monohydrate A was also administered at a lower

A and monohydrate B where the morphologies and
surface areas were similar. Additional studies were
then conducted with larger particle size material of
anhydrous A and monohydrate A as well as jet-milled
monohydrate A to determine the contribution of
surface area on the absorptionlo&t 50 mg/kg. The

[y
=
1

Plasma Concentration (uM)

—
1

Time (hours)

Fig. 4. Plasma concentration vs. time curves of monohydrate A, s.a.
1.2 /g (), monohydrate B, s.a. 1.74y (M), monohydrate A,

s.a. 2.3r4/g (v), anhydrous A, s.a. 4.5%y (A), jet-milled mono-
hydrate A, s.a. 6.1%g (O ) and anhydrous A, s.a. 6.%g (@)

after oral administration to male Beagle dogs, 50 mghkg=(5;
meant S.E.).

dose of 1 mg/kg and surface area effects were smaller
at this dose. There was no increase in the exposure
of Tl when the dose was doubled to 100 mg/kg us-
ing an anhydrous A batch with slightly higher surface
area than the anhydrous A at 50 mg/kg. The admin-
istration of a solution increased the absorption of TI
approximately five-fold compared to the highest value
obtained with a suspension. The solution achieved an
AUC value of 559.M h and aCpax of 98 M.

Due to the surface area dependence on the oral ab-
sorption ofl, two particle size reduction technologies
were investigated. A colloidal dispersion was pre-
pared by wet millingl using the NanoMif? milling
system with HPC-SL and SLS as stabilizers. Addi-
tionally, the particle size ofl was optimized using
the SCF technology at Nektar. The exposure ofthe
colloidal dispersion and the SCF material were com-
pared at 50 mg/kg in male Beagle dogs. The results
of this study are shown ifable 3 Both the colloidal
dispersion and the SCF material gave exposures in
dogs that were greater than the suspension with a
surface area of 6.1%g but less than the values of
the solution. Also, the colloidal dispersion formula-
tion appeared to perform slightly better than the SCF
material suspension although the differences were not
statistically significant © < 0.05).
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Fig. 5. 1/Surface area vs. 1/AU@) and 1Cmax () values using 50 mg/kg data.
Table 3

Summary of mean pharmacokinetic parameters from male Beagle dogs after administration of colloidal dispersion or SCF suspension at
50 mg/kg (meant S.D.)

Formulation Surface area {y) AUCo—121 (M h) Crax (WM) Tmax (h)
SCF material 35 161.7% 48.50 23.99+ 7.87 33+ 1.2
Colloidal dispersion Not determined 230.8627.29 32.74+ 6.07 3.0+ 1.2

The plasma concentration versus time curves for of the compound. The high absorption observed af-
the regional absorption studies withare shown in ter colonic administration provided further evidence
Fig. 6. Pharmacokinetic parameters are summarized that the permeability ol was not the limiting factor
in Table 4 Systemic exposure (AUC) of from a for absorption. To confirm these results, transport
suspension delivered into the colon of dogs was ap- studies were conducted with Caco-2 cells. The ap-
proximately 60% of the AUC values from a solution parent permeability of the thrombin inhibitor across

formulation. Caco-2 cells in the apical to basolateral direction
was 2.35E-05 4+ 8.33E-07 cm/s. The apical to ba-
4.3. Caco-2 cell culture solateral permeability of a model high permeability

marker, caffeine, was 1.84D5 + 1.27E-06 cm/s,
The in vivo study results suggested that the absorp- therefore 1 was classified as a highly permeable
tion of 1 was dependent on the rate of dissolution compound.

Table 4

Summary of thrombin inhibitor pharmacokinetic parameters from male triport Beagle dogs dosed at 1 mg/kg

Route Formulation Surface area AblGaph (WM h) Cmax (M) Tmax ()

Oral Solution in 50% HBCD N/A 24.28+ 2.59 3.25+ 0.24 1.3+ 0.3
Jejunal Solution in 50% HECD N/A 21.62+ 3.32 2.88+ 0.42 1.5+ 0.3
Colonic Solution in 50% HBCD N/A 15.25+ 4.89 1.22+ 0.19 4.7+ 0.7

Oral Suspension in methocel Mono A 6.%/y 17.27 (16.92, 17.61) 2.23 (2.34, 2.13) 2.0 (1.0, 3.0)
Colonic Suspension in HPC-SL Anhydrous A 4.5/m 9.52+ 2.79 0.90+ 0.23 47+ 1.8

AUC and Cpax values are geometric medanS.E. Tmax values are arithmetic meanS.E.
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Fig. 6. Plasma concentration vs. time curves of Tl following oral
(@), jejunal ) and colonic M) administration of a solution in
50% hydroxypropylB-cyclodextrin at a dose of 1 mg/ka: & 4;
mean+ S.E.) in Beagle dogs. The plasma concentration vs. time
curve €) is also shown for the colonic administration of a TI
suspension in 1.25% hydroxypropylcellulose at a dose of 1 mg/kg
(n = 3; meant SEE.).

5. Discussion

It is well known and has been documented exten-
sively that there are effects of polymorphism on ab-
sorption Higuchi et al. (1963andShefter and Higuchi
(1963)demonstrated that the thermodynamic proper-
ties of polymorphs and solvates will result in differ-
ences in their solubilities and dissolution rates, which
can potentially lead to differences in their absorption
properties. The anhydrous form of a compound will

D. Euler et al./International Journal of Pharmaceutics 275 (2004) 19-27

of the crystal forms. As illustrated iRig. 5, there was
a linear dependence of AUC afit5x values on sur-
face area. If the surface area is extrapolated to infin-
ity, this should approximate the values obtained with
a solution. However, the actual values obtained with
a solution were greater than the extrapolated values
illustrating the complexity of the absorption process.
Two newer particle size reduction technologies
were also investigated to demonstrate whether ab-
sorption could be further enhanced by decreasing the
particle size of the drug to a greater extent than parti-
cle sizes obtained with conventional milling methods.
A colloidal dispersion and a material which utilized
supercritical fluid crystallization techniques were in-
vestigated. Both the colloidal dispersion and the SCF
material gave exposures in dogs that were greater
than the anhydrous form in suspension (SA 62Igh
but less than the values of the solution. The values
obtained with the SCF material were close to the
extrapolated values of 23@M h (AUC) and 33uM
(Cmax) usingFig. 4 and the measured surface area of
35n?/g. Surface area was not measured for the col-
loidal dispersion. Although the AUC ar@ax values
obtained with the colloidal dispersion and the SCF
material were not statistically different from each
other, there was a trend for increased absorption with
the colloidal dispersion formulation. This was likely
due to the addition of particle size stabilizers into the
dispersion during the milling process whereas the SCF
material was simply suspended in methylcellulose.
Because of the various disadvantages of the cur-

usually have a dissolution rate that exceeds the disso-rent therapies for DVT, it would be ideal to obtain

lution of the hydrates, however there have been excep-

tions to this rule Brittain and Grant, 1999; Khankari
and Grant, 1995; Nerurkar et al., 2Q0Therefore, in

a therapeutic agent that produces a flatter profile and
shows a decreased toxicity at higher does levels. The
regional absorption study results indicated theduld

situations where the absorption rate of a compound be amenable to formulation as a controlled release
depends upon the rate of dissolution, both dissolution product sincel was reasonably absorbed along the
and absorption characteristics of the anhydrous and gastrointestinal tract. The colonic AUC values were
hydrate forms should be investigated. approximately 60% of the values obtained after oral
In the first set of in vivo studies, the absorption of dosing. According to the literature, the total gastroin-
the anhydrous form of was greater than the hydrate testinal transit time for a conventional controlled re-
forms. In addition to the faster dissolution rate from lease formulation is approximately 24 h with 20 h of
the anhydrous form, the surface area was much higherthis residence period in the coloRr{or et al., 2003
than either of the hydrates due to its needle-like mor- Due to the low fluid environment of the colon and
phology. In subsequent studies with varying surface the reduced surface area for absorption, compounds
area and particle sizes, it was concluded that the ab-with low solubility would be likely to have limited ab-
sorption of Tl was dependent on the surface area of the sorption capabilities in the colod.demonstrated ade-
particles administered as suspensions and independengiuate absorption after colonic administration therefore
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a conventional controlled release formulation, such as
an erodible matrix, may be possible assuming that the
regional absorption in man is similar to dog.

From the Caco-2 cell transport studies, it was de-
termined that the permeability df was high. In the
in vivo studies,1 absorption was highly dependent on
dissolution. Based on the low aqueous solubility of
the thrombin inhibitor it would be classified as a class
2 compound in the Biopharmaceutics Classification
System. The absorption properties of the final product,

either as an immediate release or a controlled release,

may be varied by influencing its dissolution rate due

to the particle size of the bulk drug or the addition of

excipients such as surfactants into the formulation.
In summary, it was evident in these studies that

there was a significant effect of surface area on the ab-

sorption. Therefore, the absorption characteristics of
the final clinical formulation can be influenced by the
particle size of the bulk. Alternatively, further reduc-
tion of particle size or the addition of wetting agents
into the formulation could help to decrease the dose
needed for pharmacological activity. Also, if it was
desirable to flatten the plasma concentration profile to
decrease toxicity caused Byax Or to increase the ap-

parent half-life, this compound appears to be amenable

to a controlled release formulation approach. Finally,
a controlled release formulation could be designed to
achieve an optimal plasma concentration profile for
therapy since the dissolution rate is the determining
step for the absorption df.
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