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Purpose. The aim was to develop a miniaturized method for solubility and residual solid screening of

drug compounds in aqueous and non-aqueous vehicles in early drug development.

Methods. Different crystal modifications of caffeine, carbamazepine, and piroxicam were added into 96-

well filter plates and solubility was determined in 100 ml of 17 pharmaceutical vehicles. After filtration,

drug concentration was determined by Ultra Performance Liquid Chromatographyi (UPLC). Residual

solid drug in the filter plates was analyzed by high-throughput (HT) transmission X-ray Powder

Diffraction (XRPD).

Results. HT XRPD analysis revealed solid form conversions of all compounds during solubility

determination, e.g., formation of hydrates in aqueous vehicles (caffeine, carbamazepine, piroxicam) or

conversion of a metastable crystal form to the stable form (caffeine). Drug solubility was strongly

dependent on the crystal modifications formed during the solubility assay.

Conclusions. The new assay allows the simultaneous, small scale screening of drug solubility in various

pharmaceutical vehicles and identification of changes in solid form. It is useful for the identification of

formulations and formulation options in non-clinical and clinical development.

KEY WORDS: polymorphism; high-throughput; solubility; ultra performance liquid chromatography
(UPLC); X-ray powder diffraction (XRPD).

INTRODUCTION

Pharmaceutical profiling of drug candidates in the late
lead optimization and clinical candidate selection phase is of
utmost importance in the pharmaceutical industry to identify
the drug candidate with the best probability of successful
development (1Y4). Profiling activities include drug solubility,
stability, compatibility, and permeability studies as well as salt-
and polymorph screening and selection. In this phase, the deter-
mination of drug solubility is important for the identification of
promising formulation approaches for preclinical in-vivo stud-
ies (pharmacodynamic, pharmacokinetic, and toxicological stud-

ies) and for the estimation of the Bdevelopability^ of drug
candidates, particularly in case of poorly soluble compounds.

At the drug discovery-development interface, a broad
solubility screening in various buffers, simulated intestinal
fluids, pharmaceutical solvents (oils, surfactants, co-solvents,
etc.), and liquid formulation vehicles should be performed for
the remaining 1Y10 drug candidates. Since at this stage of
development, typically only 100Y500 mg of compound is
available for pharmaceutical profiling activities, several
miniaturized assays for solubility measurements in pharma-
ceutical vehicles have been suggested. Chen et al. (5)
established a 96-well high-throughput (HT) combinatorial
approach at a 100 ml scale for the development of a
Cremophor-EL free intravenous paclitaxel formulation. In
their set-up, drug solubility is analyzed by turbidity measure-
ment using a UV plate reader at 500 nm to detect potential
drug precipitation. Another assay, developed by Chen and
Venkatesh (6), uses a miniature device for aqueous and non-
aqueous solubility measurements based on a multichannel
cartridge pump. Drug slurry is filled into the tubing,
continuously circulated inside through a syringe filter and
finally drug in the collected filtrate is analyzed by High-
Pressure Liquid Chromatography (HPLC). Recently, a new
partially automated solubility screening (PASS) assay for
early drug development was published by Alsenz et al. (7). In
this assay, the solubility of drug compounds in aqueous and
non-aqueous solvents is determined in a 96-well system up to
100 mg/ml drug concentration at a 40 to 80 ml scale. SolidY
liquid separation is performed by filtration and drug concen-
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tration in the filtrate is determined by Ultra Performance Liquid
Chromatographyi (UPLC) (8,9). A head-to-head comparison
of several solubility assays is discussed by Alsenz et al. (7).

In HT solubility screening, the residual solids are rarely
investigated systematically, although transitions to different
solid forms in the presence of liquid pharmaceutical excipients
or vehicles have been reported (7,10,11). Many drugs form
polymorphs and solvates that can have different physico-
chemical properties such as melting point, enthalpy of fusion,
vapor pressure, density, hardness, color, dissolution rate and
that can differ considerably in solubility (12,13). Knowledge
of polymorphism of new compounds is normally missing in the
very early phase of a project. Since amorphous or thermody-
namically unstable crystalline material is often used for initial
solubility studies the probability of solid form changes is high.
Therefore, a combined screening method for solubility and
residual solid on a microscale setting would be of great value.
This would, to our knowledge, for the first time allow the
correlation of drug solubility with solid state forms in a HT
solubility screen. Such an assay focuses on excipient screening
for early formulation development and is not intended to
replace dedicated HT polymorph screening, that is usually
performed in organic solvents in later phases (14Y17).

The purpose of this study was the development of such a
combined assay for the late lead optimization and clinical
candidate selection phase. A miniaturized, medium-through-
put assay based on 96-well filter plates was set-up that allows
parallel solubility measurement and residual solid screening
in aqueous and non-aqueous solvents. It uses UPLC for fast
determination of drug solubility in large numbers of phar-
maceutically relevant vehicles and HT transmission XRPD
for direct detection of solid form changes in residual solids in
96-well filter plates. Transmission XRPD is a robust method
for HT analysis because only a small amount of material is
needed and variations in specimen height affect the peak
positions of low angle peaks less compared to conventional
BraggYBrentano reflection geometry (18,19).

Caffeine, carbamazepine and piroxicam served as model
compounds for assay development since they form hydrates
and have several polymorphs (20Y24). To ensure the validity
of the new model, HT solubility results of carbamazepine
were compared to solubility data determined with a standard
large-volume solubility test.

MATERIALS AND METHODS

Materials

Commercial carbamazepine (CBZ), caffeine anhydrous
(CAF) and piroxicam (PXM) were purchased from Sigma-
Aldrich Chemie GmbH (Buchs, Switzerland). Caffeine
Bmonohydrate^ was from MP Biomedicals, Inc. (Solon, OH,
USA). All other chemicals and excipients procured from
commercial sources, and were used as purchased without
further purification or treatment. Solvents used for UPLC
analysis, were of HPLC quality grade.

Composition of Particular Vehicles

Buffer pH 6.5 contained 50 mM sodium dihydrogen
phosphate in deionized water adjusted to pH 6.5 with 1 N

NaOH. Simulated gastric fluid (SGF) was composed ac-
cording to Galia et al. (25). SGF contained 10 mM HCl, 2
mg/ml sodium chloride, 1 mg/ml Triton\ X-100 and had a pH
of 2.0. Simulated fasted and fed state intestinal fluids were
prepared as previously reported (26). Fasted state simulated
intestinal fluid (FaSSIF) contained 3 mM sodium
taurocholate, 0.75 mM lecithin and had a pH 6.5. The fed
state medium FeSSIF simulated intestinal fluid contained
15 mM sodium taurocholate, 3.75 mM lecithin and had a
pH 5.0. The mixed micelles vehicle (200 mM G/L) contained
200 mM glycocholic acid and 200 mM lecithin and was
composed according to Teelmann et al. (27) without benzyl
alcohol and sodium pyrosulfite.

Preparation of Modifications of CBZ, PXM, and CAF

The metastable form I of CBZ was obtained by heating
the commercial CBZ (form III) at 170-C for 2 h, as described
by Lefebvre et al. (28). Alpha-CBZ was obtained by
equilibration of 300 mg CBZ form I in 3 ml Labrafil M
1944 CS for 24 h at room temperature. The hydrated forms of
CBZ and PXM were prepared by suspending the commercial
compounds (5% w/w) in distilled water for 24 h at room
temperature in the dark. The residual solids were subse-
quently dried on filter paper at room temperature for 30 min.
The high temperature form I of CAF was prepared by
heating the commercial CAF (form II) at 180-C for 16 h in a
closed vessel (20).

Solubility Determination by SORESOS

A schematic representation of the newly developed
solubility and residual solid screening (SORESOS) assay is

Fig. 1. Schematic representation of the experimental procedure of

the solubility and residual solid screening (SORESOS) assay.

Experiments are performed in 96-well MultiScreen\ Solubility

Filter Plates (b) sealed with an ELASi septum sheet (a, top) an

adhesive aluminum foil (c, bottom). Drug-vehicle slurries are mixed

by head-over-head rotation in the presence of stirring bars, seals are

removed, and filtration is performed by centrifugation. Filtrates are

collected in a 96-well polypropylene plate (e). After filtration, the

plate is sealed by adhesive acetate foil (f), the underdrain support (d)

of the filter plate is removed, and residual solid on the filter (g) of the

plate is directly analyzed by HT transmission XRPD with vertical

beam geometry (dashed line).

889Solubility and Residual Solid Screening



depicted in Fig. 1. Experiments were performed in 96-well
MultiScreen\ Solubility Filter Plates (product number
MSSLBPC10, 0.4 mm modified PCTE membrane, Millipore,
Bedford, MA). The bottom of the plate was sealed with
adhesive aluminum foil (product number 951023001,
Eppendorf AG, Hamburg, Germany) to prevent evaporation
of the solvents during equilibration. The compound (10Y15 mg
per well) was dispensed volumetrically into filter plates using a
manual powder dispenser for 96-well plates (Titan Resin
Loader System, Spike International Ltd., Wilmington, NC)
(3�6 mm, diameter x depth). Single use stirring bars (product
number VP711V1, 1.67�2.01�4.80 mm, parylene coated,
V&P Scientific Inc., San Diego, CA) and 100 ml of each
pharmaceutical vehicle were added. One well per plate
containing pure drug served as reference sample for HT
XRPD analysis. All experiments were performed in triplicate.
Immediately after filling, the plate was sealed by an
ELASiseptum sheet (product number 3600805, Zinsser
Analytic GmbH, Frankfurt, Germany) using a custom-built
clamp device. The drug-vehicle slurries were mixed by head-
over-head rotation at 20 rpm for 24 h at room temperature
using a Heidolph Reax 2 mixer (VWR International AG,
Dietikon, Switzerland). The adhesive aluminum foil and the
ELASi septum sheet were removed and liquid was separated
from residual solid by centrifugation at 3,300 g for 5 min

(Heraeus Omnifuge 2.0 RS, Kendro Laboratory Products AG,
Zürich, Switzerland). The filtrates were collected in a 96-well
polypropylene plate (150 ml twin.tec skirted PCR plate 96,
product number 951020401, Eppendorf AG, Hamburg,
Germany). After centrifugation, the filter plate was
immediately sealed with adhesive acetate foil for microtest
well plates (product number 82.1586, Sarstedt Inc., Newton,
NC). The plastic underdrain support of the filter plate was
removed and the wet substance pellets in the plate were
directly analyzed by HT transmission XRPD. Drug contents in
the filtrates were determined by UPLC after appropriate
dilution of the samples with N-Methyl pyrrolidone (7).

Large-Volume Solubility Experiments

Equilibrium solubilities of CBZ form III were deter-
mined in large-volume experiments in triplicate. Excess solid of
CBZ form III, a magnetic stir bar and 5 ml of vehicle were
added into 20 ml glass vials with screw caps (product 8075-20-H,
Infochroma AG, Zug, Switzerland). The closed vials were
equilibrated on a ten-place magnetic stirrer (IKA RO 10 Power,
IKA-Werke GmbH & Co. KG, Staufen, Germany) at room
temperature. 200 ml samples were withdrawn after 14, 20 and
24 h. The samples were filtered with Ultrafree-MC\ centrifugal
filter devices (product number UFC30HV00, 0.45 mm
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Fig. 2. Overlay of a standard transmission XRPD pattern of CBZ form I (bottom) and the corresponding pattern recorded by HT

transmission XRPD (top).
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Durapore PVDF membrane, Millipore, Bedford, MA). The
amount of dissolved drug in the filtrate was determined by
UPLC. When the final value was in agreement with the previous
one, equilibrium was assumed to be reached. The residual solids
were analyzed by standard X-ray powder diffraction.

X-ray Powder Diffraction (XRPD)

High-quality reference patterns of CAF, CBZ and PXM
were recorded in transmission geometry on a STOE Stadi P
diffractometer (Bstandard method^). The diffractometer is
equipped with a primary Ge-monochromator to obtain
monochromatic CuKa1 radiation and a position sensitive
detector (PSD). The recording PSD step width of 0.5- 2-theta
and a measurement time of 40 s per step accumulated to
approximately 60 min measurement time. Samples (20 to
30 mg) were prepared between thin foils of cellulose acetate
and analyzed without additional processing (e.g., grinding or
sieving).

For HT transmission XRPD analysis of 96-well filter
plates, a STOE Stadi P Combi diffractometer equipped with
primary Ge-monochromator (CuKa1 radiation), imaging
plate position sensitive detector (IP-PSD) and 96-well plate
sample stage was used. The IP-PSD allowed simultaneous
recording of the diffraction pattern both side of the primary

beam. HT transmission XRPD data quality was significantly
improved by merging both 2-theta ranges using the software
STOE WinXPOW. Effects related to poor crystal orientation
statistics are reduced by summing up diffracted beam
intensities both side of the primary beam. The imaging plate
detector was exposed for 10 min to X-ray radiation for each
well. Additionally, approximately 1 min was needed for
detector read-out and imaging plate erasing. Samples were
analyzed directly in the 96-well filter plates without prior
preparation and additional processing.

Quality Assessment of HT XRPD Patterns

The quality of the HT transmission XRPD method was
assessed by comparing the standard method XRPD pattern of
CBZ form I with the pattern obtained from HT XRPD. The
minimum amount of sample needed for HT XRPD analysis
was determined by measuring wells of a 96-well MultiScreen\

filter plate containing increasing amounts of each model
compound (0.5, 1, 2, 3, 4, and 5 mg). The plates were sealed
with adhesive acetate foil before subjecting to HT XRPD
analysis. In addition, HT XRPD measurements of wetted
samples were performed. After recording the patterns of the
dry samples, 100 ml of olive oil were added to each well. After
centrifugation for 5 min at 3,300 g in a Heraeus Omnifuge 2.0
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Fig. 3. HT XRPD patterns of wells containing 0.5, 1, 2, 3, 4 and 5 mg of CBZ form I (bottom to top). Patterns from wells containing at least

2 mg CBZ allow a clear identification of the crystalline phase.
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RS (Kendro Laboratory Products AG, Zürich, Switzerland),
the plate was sealed with adhesive acetate foil and the oil-
wetted samples were analyzed again by HT XRPD.

DSC

A DSC821e instrument from Mettler-Toledo (Greifensee,
Switzerland) was used. The DSC was calibrated for tem-
perature and enthalpy using indium. Nitrogen was used as
protective gas (150 ml/min). Samples (2Y5 mg) were heated at
5-C/min in aluminum pans with pierced aluminum lids (40 ml,
Mettler-Toledo, Greifensee, Switzerland) to temperatures in
excess of the reported melting points of the respective
compounds.

TGA

A TGA/SDTA851e instrument from Mettler-Toledo
(Greifensee, Switzerland) was used. The instrument was
calibrated for temperature using indium and zinc. Nitrogen
was used as a protective gas at a flow rate of 100 ml/min.
Samples (2Y5 mg) were heated at 5-C/min in aluminum pans
with pierced aluminum lids (40 ml, Mettler-Toledo,
Greifensee, Switzerland) to 300-C.

FT-IR

Reference samples were analyzed by Fourier Transform
IR spectroscopy using a Nicolet 20SXB spectrometer (32
scans at 2/cm resolution). A Nujol suspension containing
approximately 5 mg of sample was prepared between two
sodium chloride plates and measured in transmittance.

UPLC

Analysis was performed on a Waters Acquityi Ultra
Performance Liquid Chromatographic system, equipped with
a 2996 Photodiode Array Detector and an Acquity UPLCi
BEH C18 column (2.1�50 mm, 1.7 mm, particle size, Waters,
Milford, MA). Mobile phase A and B consisted of 0.1%
triethylamine in deionized water adjusted to pH 2.2 with
methanesulfonic acid and acetonitrile, respectively. The flow
rate was 0.75 ml/min and total run time was 1.2 min. The
linear gradient and the wavelength of detection were
compound specific.

RESULTS

Quality of HT Transmission XRPD Measurements

The quality of HT XRPD measurements was evaluated
by comparing the standard XRPD pattern of CBZ form I
with a pattern obtained from HT transmission XRPD. The
angular resolution of the X-ray pattern obtained from HT
transmission XRPD was lower and the background was
higher than for the standard pattern (Fig. 2). However, the
peak position and relative intensities of characteristic peaks
of CBZ form I corresponded well to the fingerprint obtained
from the standard XRPD method and phases are selectively
identified by their characteristic peaks.

The HT XRPD patterns of wells containing different
amounts of CBZ form I show a good correlation between the
amount of sample and the intensity of characteristic peaks
(Fig. 3). Although small peaks were detectable already with
1 mg sample, only XRPD patterns from wells with Q2 mg
allowed a clear identification of CBZ crystal form I. No
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Fig. 4. Standard XRPD reference patterns of different polymorphs

of the model compounds: a Caffeine (CAF): form II (bottom), form I

(middle), and hydrate (top). b Carbamazepine (CBZ): form I

(bottom), form III (middle), and dihydrate (top). c Piroxicam

(PXM): form I (bottom) and monohydrate (top).
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differences were observed between dry and oil-wetted drug
substance with respect to the intensity of XRPD signals (data
not shown). Similar results were obtained for the other two
model compounds, caffeine and piroxicam.

Caffeine

For the crystalline forms of caffeine (CAF) different
nomenclatures have been suggested in the literature. In this
work the nomenclature of Lehto and Laine (20) is employed.
CAF exists as two anhydrous crystal forms (I, II) and one
crystalline nonstoichiometric hydrate with 0.8 moles of water
per mole of CAF (29,30). Form II of CAF, which is the stable
polymorph at ambient conditions converts to form I at high
temperature (20).

Initial Characterization of Caffeine Forms

Based on measured standard XRPD patterns and the
patterns reported by Lehto and Laine (20), the commercial
CAF was the stable form II. In DSC, CAF form II showed a
shallow endothermic peak at 141.4-C (onset temperature)
and a sharp endothermic peak at 235.7-C (data not shown).
The first endotherm was related to the reported enantiotropic
transition of CAF form II to the high-temperature form and
the second endotherm to the subsequent melting of form I
(20). The formation of CAF modification I after heat
treatment of form II (180-C for 16 h) was confirmed by
standard XRPD analysis (Fig. 4a) and by a melting point at

235.6-C in DSC. The heat-treated material showed no
degradation products when analyzed by UPLC. The com-
mercial CAF hydrate showed a weight loss step of 6.8%
(w/w) in TGA analysis between 40 and 80-C upon heating,
indicating a 4/5 hydrate (data not shown). The IR spectrum
and the XRPD pattern of CAF hydrate (Fig. 4a) also
corresponded to literature data (31).

Caffeine Solubility in Different Vehicles and Analysis

of Residual Solid

The solubility of CAF forms I and II and of CAF
hydrate was determined in 17 different pharmaceutical
vehicles (Table I). After equilibration for 24 h at room
temperature, the metastable form I of CAF was converted to
the stable form II or to a mixture of form II and the hydrate
in all vehicles tested. In contrast, CAF form II persisted in
non-aqueous vehicles or converted to the hydrate in vehicles
containing water. The kinetics of hydrate formation of CAF
forms I and II differed and more CAF hydrate was found in
the plate initially containing CAF form II. CAF form II in
SGF, pH 2 showed substantial differences in solubility, the
solubility correlating to the crystal form of the residual solids
(Fig. 5). Pure CAF form II had a higher solubility in SGF, pH
2 (39.03 mg/ml) than the formed hydrate (21.59 mg/ml), the
solubility of the latter being close to the one of pure CAF
hydrate in SGF, pH 2 (20.89 mg/ml, mean value). The
presence of small amounts of hydrate slightly reduced the
solubility of CAF form II in SGF, pH 2 (37.96 mg/ml). In

Table I. Solubility of Caffeine (CAF) Polymorphs in Different Vehicles and Crystal Form of Residual Solids as Determined by HT XRPD

Crystal Form used
CAF Form I (metastable) CAF Form II (stable) CAF Hydrate H

Method
SORESOS SORESOS SORESOS

Vehicle

Solubility

(mg/ml)a
Residual

Solids

Solubility

(mg/ml)a
Residual

Solids

Solubility

(mg/ml)a
Residual

Solids

Untreated compound n.a. I n.a. II n.a. H

Buffer pH 6.5 36.10 (0.56) II 21.45 (0.36) H+II 20.02 (0.89) H

SGF, pH 2 32.66 (5.36) II+H 39.03 II 20.89 (1.72) H

37.96 II+H

21.59 H

FaSSIF, pH 6.5 30.25 (4.45) II+H 20.71 (0.56) H 20.78 (1.49) H

FeSSIF, pH 5 35.03 (1.58) II+H 18.45 (3.93) H 18.52 (0.36) H

Ethanol 5.66 (0.26) II 5.57 (0.06) II 7.32 (0.22) II

20% Ethanol in water (v/v) 55.16 (1.02) II+H 52.73 II 33.14 (0.47) H

35.11 H+II

34.94 H+II

PEG 400 12.98 (0.25) II 12.76 (0.08) II 12.85 (1.42) II

20% PEG 400 in water (v/v) 29.97 (0.39) II 18.83 (0.51) H 17.45 (1.67) H+II

10% HP-b-Cyclodextrine in water (w/v) 45.70 (0.53) II+H 24.48 (1.12) H 23.68 (0.29) H

Mixed micelles (200 mM G/L) 29.57 (0.97) II+H 18.16 (0.31) H 18.06 (0.68) H

Polysorbate 80 9.79 (0.15) II 8.94 (0.53) II 13.64 (0.58) H+II

10% Polysorbate 80 in water (w/v) 35.01 (5.32) II 21.97 (0.38) H 20.90 (1.08) H

Labrafil M 1944 CS 2.77 (0.51) II 3.17 (0.05) II 3.49 (0.20) H+II

Labrasol 10.71 (1.79) II 12.20 (0.18) II 13.90 (0.47) II

Medium chain triglycerides 1.62 (0.26) II 1.88 (0.02) II 2.19 (0.12) H+II

Olive oil 0.87 (0.13) II 0.96 (0.02) II 1.10 (0.02) H

Capmul MCM 11.93 (0.26) II 11.70 (0.17) II 13.77 (0.98) II

a All measurements were performed at 25T3-C; results expressed as mean (standard error); n=3
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aqueous vehicles the solubility of anhydrous CAF (form II)
was generally higher than the solubility of the hydrate. In
non-aqueous vehicles such as Polysorbate 80, Labrafil M 1944
CS, medium chain triglycerides or olive oil, an inverse
correlation was observed and CAF hydrate showed higher
solubility. In addition, in some vehicles (e.g., ethanol, PEG
400, Labrasol, Capmul MCM) CAF hydrate was completely
dehydrated to anhydrous CAF form II.

Carbamazepine

Carbamazepine (CBZ) has been analyzed in depth,
however, the nomenclature of CBZ crystal forms is confusing
(15,22,32). In this paper, we use the nomenclature proposed
by Grzesiak et al. (32). Four anhydrous polymorphs, one
dihydrate and several solvates of CBZ have been reported
(15,21,32,33). According to Grzesiak et al. (32), CBZ form III
is the thermodynamically most stable form at ambient
temperature.

Initial Characterization of Carbamazepine Forms

Based on XRPD, IR and DSC results, the purchased
CBZ was form III (32,34). The DSC thermogram exhibited a

first endothermic peak at 174.1-C onset temperature, followed
by an exothermic peak and a second endothermic peak at
190.0-C (data not shown). This is in good agreement with
previous results, showing a transition of form III to form I at
around 170-C and subsequent melting of form I at 190-C (32).
CBZ form I used in this study was prepared by heating CBZ
form III to 170-C for 2h and formation of form I was
confirmed by XRPD, IR and DSC analysis (Fig. 4b). UPLC
analysis of the heat-treated material showed no degradation
products.

Carbamazepine Solubility in Different Vehicles and Analysis

of Residual Solid

CBZ solubility in different vehicles is shown in Table II.
The stable CBZ form III remained unchanged in non-
aqueous vehicles and formed hydrates in aqueous vehicles,
except for 20% PEG 400 and 10% Polysorbate 80. The
metastable CBZ form I behaved almost identical but formed
hydrates in all aqueous vehicles. The solubility of the
hydrates was similar and independent from the starting
polymorph. In 20% PEG 400 and 10% Polysorbate 80,
CBZ form I converted to a mixture of the hydrate and of a
new form not corresponding to form I, II, III or form IV
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Fig. 5. Overlay of the HT XRPD patterns of residual solids of CAF form II solubility measurements in SGF, pH 2. Individual wells contained

different crystal forms: form II (bottom), a mixture of form II and small amounts of hydrate (middle), or pure hydrate (top). Peaks that allow

specific identification of the hydrate are indicated by arrows.
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described by Grzesiak et al. (32). This was confirmed in scale-
up experiments by standard XRPD measurements and
comparison to the ICDD Powder Diffraction File database
revealed that the new CBZ form was identical to alpha-
carbamazepine (a-CBZ) originally described by Lowes et al.
(35), ICDD-No.: 43-1998 (Fig. 6). A conversion of CBZ form
I to a-CBZ was also observed in ethanol, Labrafil M 1944 CS,
and Labrasol but not in Polysorbate 80, Medium chain
triglycerides, olive oil, and Capmul MCM. The XRPD
pattern of the CBZ hydrate formed in most aqueous vehicles
was identical to the CBZ dihydrate pattern reported in the
literature and to the pattern obtained in scale-up experiments
(Fig. 4b) (21,36,37).

Solubility of CBZ form III determined by SORESOS
was in good agreement to equilibrium solubility determined
in a standard large-volume solubility experiment (Table II).
In the large-volume experiments equilibrium solubility was
reached after 24 h for all vehicles tested.

Piroxicam

Piroxicam (PXM) exists in at least three polymorphic
forms (I, II, III) and forms a monohydrate in water (23,38).
The number and nomenclature of the PXM polymorphs is
not consistent and in the present study we employ the
nomenclature of Sheth et al. (24).

Initial Characterization of Piroxicam

According to the IR and XRPD results, the purchased
PXM was the form I described by Vrecer et al. and by Sheth
et al. (Fig. 4c) (24,39). In DSC, PXM showed the typical

endothermic peak of modification I at an onset temperature
of 200.3-C (data not shown).

Piroxicam Solubility in Different Vehicles and Analysis
of Residual Solid

The solubility of PXM form I in solvents is shown in
Table III. In some wells, the visual change in color from
white (form I) to yellow (monohydrate) already indicated the
formation of a new polymorph. This was confirmed by XRPD
analysis, showing that monohydrate formation occurred in
almost all aqueous vehicles. Exceptions were mixed micelles
(200 mM G/L) and 10% Polysorbate 80 in water that
contained only PXM form I after the 24 h equilibration
period. In case of buffer pH 6.5, the kinetics of hydrate
formation under equal conditions differed in the triplicates.
Two samples contained exclusively PXM monohydrate and
one a mixture of form I and the monohydrate. The latter
showed higher PXM solubility compared to the samples
containing pure monohydrate. Hydrate formation was fur-
ther confirmed in up-scaling experiments (Fig. 4c). The
XRPD pattern corresponded to published data (39) and in
TGA a weight loss of approximately 5% (w/w) was observed
between 80 and 100-C upon heating (data not shown).

DISCUSSION

A number of miniaturized methods have been developed
in the past to determine drug solubility in aqueous and non-
aqueous vehicles. Compared to these screening assays, our
combined approach allows the parallel measurement of

Table II. Solubility of Carbamazepine (CBZ) Polymorphs in Different Vehicles and Crystal Form of Residual Solids as Determined by HT

XRPD (SORESOS) and Standard XRPD (large-volume solubility experiments)

Crystal Form used
CBZ Form I (metastable) CBZ Form III (stable) CBZ Form III (stable)

Method
SORESOS SORESOS large-volume solubility experiments

Vehicle

Solubility

(mg/ml)a
Residual

Solids

Solubility

(mg/ml)a
Residual

Solids

Solubility

(mg/ml)a,b
Residual

Solids

Untreated compound n.a. I n.a. III n.a. III

Buffer pH 6.5 0.10 (0.02) H 0.13 (0.01) H 0.10 (0.001) H

SGF, pH 2 0.14 (0.004) H 0.11 (0.03) H 0.12 (0.001) H

FaSSIF, pH 6.5 0.08 (0.003) H 0.12 (0.02) H 0.11 (<0.001) H

FeSSIF, pH 5 0.14 (0.01) H 0.20 (0.001) H 0.17 (0.001) H

Ethanol 23.50 (1.15) a 27.04 (0.44) III 23.83 (0.31) III

20% Ethanol in water (v/v) 0.48 (0.01) H 0.36 (0.08) H 0.48 (0.006) H

PEG 400 Q64.94 n.d.c Q62.78 n.d.c 82.56 (0.69) III

20% PEG 400 in water (v/v) 1.09 (0.04) a+H 0.92 (0.20) III 0.99 (0.002) III

10% HP-b-Cyclodextrine in water (w/v) 6.48 (0.24) H 6.18 (0.48) H 6.30 (0.04) H

Mixed micelles (200 mM G/L) 2.00 (0.40) H 2.08 (0.40) H 2.43 (0.05) H+III

Polysorbate 80 48.03 (1.72) I 39.93 (0.64) III 40.94 (1.58) III

10% Polysorbate 80 in water (w/v) 1.61 (0.38) a+H 1.57 (0.36) III 1.71 (0.01) III

Labrafil M 1944 CS 8.56 (2.08) a 7.86 (2.03) III 10.64 (0.29) III

Labrasol 51.26 (4.25) a 53.15 (0.42) III 53.36 (0.35) III

Medium chain triglycerides 1.89 (0.06) I 1.51 (0.07) III 1.89 (<0.001) III

Olive oil 1.29 (0.02) I 1.36 (0.69) III 1.40 (0.03) III

Capmul MCM 53.72 (4.55) I 48.01 (0.02) III 50.01 (0.71) III

a All measurements were performed at 25T3-C; results expressed as mean (standard error); n=3
b Equilibrium values after 24 h incubation
c Not detectable by XRPD and no residual solid observed by visual control
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solubility and solid form modifications during solubility studies
in a single assay. The assay is a 96-well solubility assay that has a
medium throughput, is easy to perform, uses only minimum
amounts of drug substance, and allows the determination of
polymorph specific solubility in pharmaceutical vehicles.

The importance of a simultaneous characterization of
residual solid to obtain high quality solubility data has been
shown using CAF, CBZ and PXM as model compounds.
Depending on the crystal form of the starting material and on
the vehicle used, solid form conversions have been detected
in our solubility studies. The detection of these conversions
explained the solubility differences seen in some replicates
and allowed to attribute drug solubility values to a specific
polymorph (Tables I and III). Interestingly, CAF hydrate
showed higher solubility in non-aqueous vehicles (e.g.,
Polysorbate 80 or Labrasol) compared to the anhydrous
forms (Table I). This observation could be explained by
partial (Polysorbate 80, Labrafil M 1944 CS, medium chain
triglycerides) or complete dehydration (Labrasol, Capmul
MCM, ethanol) of the hydrate which increases the water
content in non-aqueous solvents (15 mg of CAF hydrate can
potentially release õ1 mg of water, corresponding to õ1%
of water in a 100 ml sample) and may influence the
solubility of the compound. The total effect will depend
on the amount of solid added, on the solubility and on the
degree of hydration of the compound.

HT solubility results of CBZ form III determined by
SORESOS are in good agreement to equilibrium solubility
determined with a standard large-volume solubility test
(Table II). Overall, our solubility results are also in good
agreement with published data (7,40Y43) and are in line with
a recent literature survey showing that the ratios of poly-
morph solubility are typically less than 2 (44). Compared to
the PASS assay (7), the drug-vehicle mixtures in the
SORESOS assay are directly equilibrated in the filter plate
and hence a sample transfer to filters is not necessary prior to
phase separation. For low solubility compounds, this set-up
also has the advantage that the membranes are already
saturated during the equilibration phase and pre-rinsing of
the filters is not necessary. Preliminary results indicated that
mechanical mixing of the drug-vehicle blends is essential to
ensure complete mixing of the components during equili-
bration, particularly when viscous vehicles such as oils or
pure surfactants are used. First experiments revealed that
magnetic stirring for 24 h caused abrasion of the filter
membranes resulting in a burst of the membranes during
centrifugation or by using a vacuum manifold. For that
reason mixing of the samples was accomplished by addition
of stirring bars to the drug-vehicle slurry and by head-over-
head rotation. This technique assured a complete mixing of
the samples with only minimum mechanical stress for the
membranes.
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Fig. 6. XRPD patterns of a-CBZ: ICDD reference (bottom), scale-up reference (middle), and HT XRPD pattern (top).
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In the new assay, residual solid analysis is performed by
HT XRPD measurement. XRPD is generally regarded as
Bgold standard^ for solid form analysis (17). However,
preliminary experiments demonstrated that Raman micros-
copy might also be an option, especially at very low amounts
of sample. In our experiments, HT XRPD analysis was not
affected by liquid excipients remaining on the surface of solid
particles after filtration. Therefore, no additional preparation
step was needed after filtration and the plates could directly
be transferred to HT XRPD analysis. To detect distinct
XRPD signals, approximately 2Y5 mg of residual solid per
well is required. The adhesive acetate foil used to seal the plate
after filtration ensured that the solid residues were kept wet
during solid state analysis to avoid drying related recrystalliza-
tion. In early development, reference XRPD patterns of well
characterized crystal forms of a drug are often not available. In
these cases, HT XRPD results can still be used to track changes
in the solid form during solubility experiments and help to
relate solubility data to crystal forms and thus explain devia-
tions in, for example, replicates (Tables I and III). Of course, a
single characterization method is scarcely sufficient in solid
state analysis and multiple analytical techniques should be
employed after scale-up of respective samples to fully
characterize new crystal forms.

The quality of the HT XRPD data is less compared to
patterns obtained from a standard transmission XRPD
method where every sample is prepared individually and a
single analysis takes approximately 60 min. The observed
broadening of peaks results from the lower angular resolu-

tion of the imaging plate detector and the Bnon-ideal^
preparation for HT XRPD analytics. The polycarbonate
membrane of the filtration plate gives rise to an amorphous
halo resulting in poorer signal to noise ratio compared to the
standard transmission XRPD method. Whereas for in depth
analysis of an XRPD pattern (e.g., indexing of peaks,
determination of size and strain) excellent angular resolution
is required the quality requirements are less for high-
throughput qualitative phase analysis (45). The HT transmis-
sion XRPD method described in this paper enables reliable
qualitative analysis of the residual solid and gives a good
picture of its crystallinity and the solid form changes
occurring during solubility studies.

The parallel measurement of solubility and of crystal
form opens new perspectives to the formulator for the
selection of vehicles for preclinical studies. The conversion
of a compound into a less soluble hydrate for example can be
easily identified and certain vehicles or excipients inhibiting
this process might also be identified early on. This could
facilitate the selection of excipients that stabilize the physical
form of drugs in formulations and hence ensure adequate
oral bioavailability of poorly soluble compounds. An exam-
ple reported in the literature is the inhibition of the phase
transition of the anhydrous form of metronidazole benzoate
to the monohydrate in aqueous suspensions in the presence
of b-cyclodextrin (46). Finally, in early drug development
where often amorphous material or metastable crystalline
solid is used, the assay allows the easy identification of
recrystallization processes during solubility studies and gives
first hints on potential polymorphism issues of the tested drug.

CONCLUSION

A new miniaturized, combined method for the measure-
ment of drug solubility and for the screening of residual solid
in 96-well filter plates is presented. The assay works in
aqueous and non-aqueous pharmaceutical vehicles at a
100 ml scale, consumes only minimal amounts of drug
substance, and is well suited for high-throughput experimenta-
tion and automation. The method is intended for pharmaceu-
tical profiling of new drug compounds in the late lead
optimization and clinical candidate selection phase. It will
speed-up the identification of promising formulation
approaches for non-clinical in vivo studies, facilitate the
estimation of the formulation potential of a drug candidate
for clinical development, and help to detect potential polymor-
phism of a compound early on.
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