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Abstract. This study assessed the effect of excipients (sodium taurocholate, 2-hydroxypropyl-b-

cyclodextrin, potassium chloride, propylene glycol, 1-methyl-2-pyrrolidone, and polyethylene glycol

400) on the apparent intrinsic solubility properties of eight sparingly soluble drugs (four bases, two

neutrals, and two acids): astemizole, butacaine, clotrimazole, dipyridamole, griseofulvin, progesterone,

glibenclamide, and mefenemic acid. Over 1,200 UV-based solubility measurements (pH 3YYY10) were

made with a high-throughput instrument. New equations, based on the Bshift-in-pKa^ method, were

derived to interpret the complicated solubilityYYYpH dependence observed, and poorly predicted by the

HendersonYYYHasselbalch equation. An intrinsic solubility-excipient classification gradient map visualiza-

tion tool was developed to rank order the compounds and the excipients. In excipient-free solutions, all

of the ionizable compounds formed either uncharged or mixed-charge aggregates. Mefenamic acid

formed anionic dimers and trimers. Glibenclamide displayed a tendency to form monoanionic dimers.

Dipyridamole and butacaine tended to form uncharged aggregates. With strong excipients, the tendency

to form aggregates diminished, except in the case of glibenclamide. We conclude that a low-cost,

compound-sparing, and reasonably accurate high-throughput assay which can be used in early screening

to prioritize candidate molecules by their eventual developability via the excipient route is possible with

the aid of the Bself-organized^ intrinsic solubility-excipient classification gradient maps.

KEY WORDS: Double-Sink PAMPA; excipients; HP-b-CD; intrinsic solubility-excipient mapping; low
solubility; methylpyrrolidone; propylene glycol; PEG400; sodium taurocholate.

INTRODUCTION

The rate and extent of entry of an orally delivered drug
from the gastrointestinal luminal fluid into the blood stream
depends on many physicochemical factors that impact on
solubility, permeability, and charge state of the drug (1YYY3).
Large, polar/ionized molecules are usually poorly absorbed
because of low permeability across the gastrointestinal tract
(GIT) barrier. But molecules with high intrinsic permeability
can also be poorly absorbed, if their aqueous solubility is
extremely low.

Combinatorial chemistry programs often tend to select
for high molecular weight molecules, which are predictably
low in solubility. FEarly warning_ tools, such as Lipinski_s
FRule of 5_ (4,5), and computer programs that predict solu-
bility from 2-D structures (6YYY8), attempt to weed out such
molecules early in discovery programs. Although the popular

turbidity-based kinetic solubility measurements (4,5) are fast,
it is arguable whether their accuracy is any better than that of
computational prediction methods (9,10). Many solubility-
problematic molecules remain unrecognized for a long time
as such, due to the overly simplistic methods used to measure
solubility, and the masking effect of organic solvents (e.g.,
DMSO) used in discovery measurements (9). When candi-
date molecules with extremely low solubility are selected for
development, often it is not practical to chemically alter these
otherwise active molecules. Formulation efforts with such
compounds may be expensive, time consuming, and not
always successful (10). During candidate selection, usually,
low-solubility molecules are not screened for their future
formulation efficacy.

Glomme et al. (9) and Bergström et al. (11) made persua-
sive arguments for early application of accurate, compound-
sparing, and fast methods to determine solubility, based on
miniaturized shake-flask measurements. In particular, effects
of pH and excipients (particularly biorelevant bile salts) on
solubility could further optimize the final candidate selection
(9,12). In the case of sparingly soluble, but otherwise
promising molecules, first-round excipient screening, perhaps
preceding preclinical development, could be used to prioritize
the selected molecules and perhaps minimize the number of
early animal studies.

However, accurate measurement of solubility of spar-
ingly soluble drugs is challenging, for a number of reasons
(13YYY26). For example, the intrinsic solubility of amiodarone
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(3,9,11) is onerous to measure accurately, in part because of
the tendency of the drug to form multiple metastable gels,
which can persist for as long as a month (18). Aggregation
(14YYY16) and micelle formation (17,18), common with low-
solubility molecules, can hamper the interpretation of the
measurements. Roseman and Yalkowsky (19) described the
solubilityYYYpH behavior of prostaglandin F2a and noted
that anionic aggregates appeared to form (Case 2a in
BTHEORETICAL SECTION^), since the ascending portion
of the solubilityYYYpH curve was shifted to lower pH values
than predicted by the HendersonYYYHasselbalch equation.
Many nonsteroidal antiinflammatory drugs (17), such as
indomethacin (21), diclofenac, ibuprofen, ketoprofen, nap-
roxen, and sulindac, can self-associate by forming mixed-
charge micelle or micelle-like structures (Cases 1a and
3 below). Zhu and Streng (15) found that the self-association
of dolasetron to form cationic dimers and trimers (Case 2b
below) was enthalpy-driven (H-bond and/or pYYYp interac-
tions), not by hydrophobic/electrostatic interactions, with the
aggregation constants, log K2j3, ranging from 0.6 to 1.7 (Mjj1

scale, cf., BTHEORETICAL SECTION^). Decamers with
log K10=12.1 were observed for MDL201346A by Streng
et al. (14). Such aggregates were found to have unusually high
solubility and/or solubility very sensitive to temperature.
Jinno et al. (20) showed how the excipient sodium lauryl
sulfate (SLS) affects the solubilityYYYpH profile of piroxicam.
Avdeef et al. (21) proposed a computational model, based on
the of Bshift in the apparent pKa^ method (3,21YYY24), to
rationalize the SLS effect on the solubility of piroxicam (Case
1a below). The dimeric association constant of piroxicam at
37-C, 1.7�10+3 Mjj1, increased to 35�10+3 Mjj1 at 25-C (21).
Solubilizing complexing agents, such as cyclodextrins, can
have multiple stoichiometries of association, making
interpretations of the phase-solubility diagrams burdensome
(25,26). Bergström et al. (11) accurately characterized the
solubilityYYYpH profiles of 25 sparingly soluble amine drugs,
and observed that the HendersonYYYHasselbalch equation was
very unreliable in predicting the pH-dependence of solubility
of these compounds. Aggregation equilibria surely played a
role, although this was not investigated in detail.

The reliable and accurate measurement of solubility in
the above examples requires much effort. Since so many
molecules in discovery programs have very low solubility,
measurement of solubility needs to be both rapid and
compound-sparing. Screening for excipient effects makes the
task further daunting, and this is seldom done in discovery.
Nevertheless, rapid methods of systematic screening for
solubilizing agents are emerging (27YYY29). Chen et al. (28)
used full factorial robotic assay to screen about 10,000
combinations of 12 excipients (including PEG400, polysor-
bate 80, and ethanol) in a number of combinations to discover
an improved Cremophor EL-free formulation for paclitaxel, a
well established marketed drug. There clearly are opportuni-
ties to improve both the efficiency and the accuracy of such
rapid methods, using partial factorial design-of-experiments
(DOE). Commercial software linking DOE approaches
directly to robotic control exist (30YYY32). Also, there are op-
portunities to automate computational methods to properly
treat the solubility data for possible aggregation effects.

In this study, we propose to extend to solubility-excipient
measurement, the theme explored in a previous Double-Sink

PAMPA excipient study (29), where we introduced the
method of PAMPA-Mapping, based on eight sparingly sol-
uble drugs (astemizole, butacaine, clotrimazole, dipyridamole,
griseofulvin, progesterone, glibenclamide, and mefenemic
acid), measured under 15 combinations of six excipients
(sodium taurocholate, 2-hydroxypropyl-b-cyclodextrin, potas-
sium chloride, propylene glycol, 1-methyl-2-pyrrolidone (33),
and polyethylene glycol 400 (34)). Our aim was to develop a
practical and cost-effective high-throughput (microtitre
plate) assay, both compound-sparing and minimally compro-
mising on accuracy, which could be used in early screening
for solubility under GIT-relevant conditions of excipients.

MATERIALS AND METHODS

Drugs and Chemicals

The eight model compounds used in this study were
purchased from SigmaYYYAldrich (St. Louis, MO, USA). The
pH of the assayed donor solutions was adjusted with universal
buffers (pION, PN 100621, 1100151), whose ionic strength is
0.01 M. Excipients were purchased from SigmaYYYAldrich (St.
Louis, MO, USA) except polyethylene glycol 400 (PEG 400),
which was purchased from EM Science (VWR).

Excipient Concentrations

Quantities of the six excipients were selected to overlap
the concentrations expected in the gastrointestinal fluid
under clinically relevant conditions, as described previously
(29). Briefly, KCl was selected at 0.1 and 0.2 M; sodium
taurocholate (NaTC) solutions were prepared at 3 and 15 mM,
corresponding to fasted and fed GIT states (35). For liquid
excipients, the maximum capsule volume was assumed to be
0.6 ml: for a GIT volume of 250 ml (35), the calculated excip-
ient concentration is 0.24% v/v. Hence, for N-methylpyrrili-
done (NMP), propylene glycol (PG), and polyethylene glycol
400 (PEG400), excipient solutions of 0.24, 1, and 5% v/v were
tested. With encapsulated solid excipients, such as hydrox-
ypropyl-b-cyclodextrin (HP-b-CD), with MW 1,396 and
solubility 450 mg/ml, it should be possible to pack 270 mg
into a 0.6 ml capsule, which is equivalent to a 0.1% w/v
solution in the GIT volume. Slightly higher values of 0.24 and
1% w/v were used in the study. In all, counting the excipient-
free buffer solutions, 15 different solutions were tested with
the eight drug molecules for the effect on solubility, resulting
in 120 drug-excipient combinations, with about 1,200 indi-
vidual solubilityYYYpH measurements.

pKa Measurement

The high-precision pKa data, determined by the poten-
tiometric method using the Gemini instrument (pION), were
taken from Bendels et al. (29). These were determined by
extrapolation in methanolYYYwater solutions, taking advantage
of the Gemini_s capability to determine pKa values even if
there is precipitation during a portion of the titration, in
either aqueous or cosolvent solutions. The pH electrode cali-
bration was performed Bin situ^ by the instrument, concur-
rently with the pKa determination, especially an important
novel feature for pKa<3 or >10 in cosolvent solutions (29).
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Micro Solubility Method

The highly automated direct-UV 96-well microtitre plate
equilibrium solubility method (22) in the mSOL Evolution
instrument from pION INC (Woburn, MA, USA) was used
in this study, with data collected at room temperature
(25T2-C). Samples are typically introduced as 10YYY30 mM
DMSO solutions. The robotic liquid handling system (e.g.,
Beckman Coulter Biomek-FX\ ADMETox Workstation or
Tecan Freedom Evo\ Workstation) draws a 3YYY10 ml aliquot
of the DMSO stock solution and mixes it into an aqueous
universal buffer solution, so that the final (maximum) sample
concentration is 50YYY250 mM in the excipient-containing buffer
solutions. The residual DMSO concentration was kept at
1.0% (v/v) in the final buffer solutions. The solutions were
varied in pH (NaOH-treated universal buffer). This pH
variation is necessary in order to determine the aggregation
and intrinsic solubility constants (21). The order of solution
additions was: (a) for excipient-free solutions, the universal
buffer (initially at pH 3) was adjusted in pH with NaOH;
(b) for solutions containing excipients, the buffer was
freshly prepared with the desired level of excipient added;
(c) aliquots of the DMSO stock solution were then added to
the buffer solutions in a deep-well plate; (d) the solutions
were thoroughly mixed on the robotic workstation. Each
solubilityYYYpH measurement was performed in duplicate, and
the results were averaged by the instrument software. The
buffers used in the assay are automatically prepared by the
robotic system. The quality controls of the buffers and the pH
electrode are performed by alkalimetric titration, incorporating
the AvdeefYYYBucher (36) procedure. After 18T1 h, the buffer
solutions containing suspensions of the drug solid were filtered
(0.2 mm pore microfilter), and the supernatant solutions were
assayed for the amount of material present, by comparison
with UV spectra (230 to 500 nm) obtained from a reference
standards, using a proprietary spectroscopic procedure that
comes with the Evolution instrument. The automated
procedure can determine if no solid had formed in the
assayed solutions, by comparing the expected concentration
to the observed concentration. The precipitate which formed
was not analyzed for its crystalline characteristics in the high-
throughput procedure, although this can be done when
necessary.

The filtration technique used prior to the UV quantita-
tion step was the Bdual-step^ type, where an aliquot of the
solution containing solid was slowly filtered, with the aim to
allow the filter material to saturate with the tested compound.
This first filtrate was discarded. The second filtration step was
analytically improved, since the surface of the hydrophilic
filter material was pre-saturated with the compound.

THEORETICAL SECTION

Case 1a, 1b, 2a and 2b Aggregates: (HA)n, Bn, (Ajjjj)n, (BH+)n

When a compound forms a dimer or a higher order
oligomer in aqueous solution, the characteristic solubilityYYYpH
profile takes on a shape not predicted by the HendersonYYY
Hasselbalch equation (cf., solid curves in Fig. 1), and often
indicates an apparent pKa that is different from the true pKa

(e.g., Cases 1a and 1b in Fig. 1), as determined potentio-

metrically in dilute aqueous or cosolvent solutions (29).
Figure 1 shows six different cases of aggregation-induced
distortions of log SYYYpH curves, where S stands for solubility
(molarity or mg/ml units here). Derivations of Cases 1a, 1b, 2a
and 2b have been described in the literature, and preliminary
methods to extract underlying intrinsic solubility values have
been discussed (3,21,23,24). Cases 3a and 3ax treatments are
new, and their derivations are briefly described below. Based
on such pKa-shift in solubility analysis, dimerization con-
stants ranging from 1.7�10+3 to 1.8�10+5 Mjj1 were proposed
(21) for phenazopyridine (Case 2b), indomethacin (Case 2a),
2-naphthoic acid (Case 2a), and piroxicam (Case 1a).

The equations summarized in this study mathematically
describe solubilityYYYpH relationships, and can be used for the
practical purpose of data interpolation, extrapolation,
smoothing, and compaction (whole curves described with
minimal number of constants). Furthermore, the pKa-shift
method can be used as a quick alert tool. (As is implied, the
molecule must have an ionization group within the accessible
pH range, in order for the method to work.) When a log S vs.
pH plot is inspected, and the true pKa is known indepen-
dently, it can be quickly surmised whether aggregates are
present, and whether these Banomaly^ effects are due to the
neutral or the charged form of the drug. Moreover, the
intrinsic solubility may be calculated from the magnitude or
the direction of the pKa shift. Caution is needed not to
mechanistically over-interpret the measurement data, how-
ever (21). If an uncharged molecule undergoes some
speciation anomaly (aggregation, DMSO binding, filter
retention, etc.), weak acids will indicate an apparent pKa

higher than the true pKa (Case 1a), and weak bases will
indicate an apparent pKa lower than the true pKa (Case 1b).
If the observed shifts are opposite of what_s stated above,
then the charged (rather than the neutral) species is
involved in the anomaly (Cases 2a and 2b). Although the
precise mechanism of the anomaly may not be apparent in
all cases, the shift combined with the apparent solubility will
often reveal the intrinsic solubility, So. There is a further
practical consequence to this with excipients: it is possible in
many instances to measure solubility in the presence of
excipients and at the same time to assess the solubility that
would have been evident in the absence of added excipients,
as though they were the source of anomaly (e.g., piroxicam
in (21)).

Table I summarizes the solubilityYYYpH equations derived
below and those previously published (21). Six types of
aggregates: (HA)n, Bn, An�

n , (BH+)n, AH �Að Þn�n , and
AH �Að Þn�n in the presence of excipients are considered.

Their derivations follow along the lines reported in the
literature (3,21YYY24). This is briefly summarized below for the
two new cases.

Mixed-Charge Weak Acid Aggregates, ðAH �AÞn��n (Case 3a)

In Cases 2a and 2b, the order of aggregation is revealed
by slopes greater than one in the log SYYYpH plots (21). In the
present study, we discovered several instances of slopes being
near one, even though some sort of aggregation was
apparently taking place. We now have a plausible model to
describe this case. We can hypothesize that the oligomeric
mixed-charge weak acid species, AH �Að Þn�n , forms, which
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Fig. 1. Plots of log solubility vs. pH involving six cases of aggregation equilibrium. See Table I for the equations represented by the solid

curves. The dashed curves were calculated with the HendersonYYYHasselbalch equation, using the true pKa values. The simulation calculations

were based on assumed pKa=4 for acids and pKa=9 for bases, with log S0=5 (S0 is intrinsic solubility, molarity scale) in all cases. The

aggregation constants selected for each case are indicated by log K values.
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contains a 1:1 ratio of HA and Ajj. The required equilibrium
equations and the associated concentration quotients to
completely define the mass balance problem are

HATHþþA� Ka ¼ Hþ½ � A�½ � = HA½ � ð1aÞ
HAðsÞTHA S0 ¼ HA½ � ð1bÞ

nA� þ n HAT AH �Að Þn�n

K*
n ¼ AH �Að Þn�n

� � .
HA½ �n A�½ �n

ð2Þ

Solubility is defined by

S ¼ A�½ � þ HA½ � þ 2n AH �Að Þn�n
� �

ð3Þ

The [Ajj] and [(AHIA)n
njj] components in Eq. 3 may be

expanded in terms of [HA], pH, and the various equilibrium
constants:

S ¼ HA½ � Ka= Hþ½ � þ HA½ � þ 2n K*
n A�½ �n HA½ �n

¼ HA½ � Ka= Hþ½ � þ 1þ2n K*
n Kn

a HA½ �2n�1
.

Hþ½ �n
n o ð4Þ

In logarithmic general form (cf., Table I),

log S ¼ log So

þ log 1þKa= Hþ½ � þ 2n K*
n Kn

aS2n�1
o

�
Hþ½ �nÞ

�
ð5Þ

Two limiting forms of Eq. 5 may be posed as

log S ¼ log So @pH� pKAPP
a ð6aÞ

log S ¼ log 2nþ log K*
n þ 2n � log So � n pKa

þ n pH @pH� pKa ð6bÞ

Equation 6a indicates that the formation of mixed-
charge aggregates does not obscure the value of the intrinsic
solubility in low pH solutions (cf., Case 3a in Fig. 1). If for a
weak acid, whose apparent pKa in a saturated solution is less
than the true pKa, a slope of +1 for pH>>pKa in a log S
vs. pH plot is consistent with the formation of the dimeric
species AHIAjj. A slope of +2, however, could indicate a
Case 2a dimer or a Case 3a tetramer, which may be difficult
to discern.

Mixed-Charge Aggregates, (AH �A)njj
n , in the Presence

of Excipient X (CASE 3ax)

In Case 3a, the slope in the log SYYYpH plot cannot be less
than one. The cases we observed where the slope was less
than one needed further modification to our computation
models. We can hypothesize that the oligomeric mixed-
charge weak acid species, AH �Að Þn�n , forms, in the presence
of an excipient, X, which binds only the neutral form of the
weak acid HA. In addition to Eqs. 1a, 1b and 2, we need

HAþXTAH �X K ¼ AH �X½ �= HA½ � ð7Þ

The K¢ equilibrium constant embeds the product of the
equilibrium constant for equilibrium expression in Eq. 7 and
the concentration of the excipient, X, which is assumed to be
practically constant (i.e., [HA]total<<[X]total). Solubility is
defined by

S ¼ A�½ � þ HA½ � þ 2n AH �Að Þn�n
� �

þ AH �X½ � ð8Þ

As before, the non-[HA] components in Eq. 8 may be
expanded in terms of [HA] and the various equilibrium
constants, leading to the general form equation (cf., Eq. 5):

log S ¼ log So

þ log 1þKa= Hþ½ � þ 2n K*
n Kn

aS2n�1
o

�
Hþ½ �n þK

� �

ð9Þ

Table I. Solubility Equations for Aggregates

Case Aggregate Equilibrium
log S

General Form Two Limiting Linear Segments

1a n HA± HAð Þn ¼ log So þ log 1þKa

�
Hþ½ � þ n Ko

nSn�1
o

� �
¼ log So þ log 1þ n Ko

nSn�1
o

� �

¼ log SAPP
o @pH� pKa

¼ log So � pKa þ pH@pH� pKAPP
a

1b n B± BÞnð ¼ log So þ log 1þ Hþ½ �
�

Ka þ n Ko
nSn�1

o

� �
¼ log So þ log 1þ n Ko

nSn�1
o

� �

¼ log SAPP
o @pH� pKa

¼ log So þ pKa � pH@pH� pKAPP
a

2a n A�± A�ð Þn ¼ log So þ log 1þKa= Hþ½ � þ n K�n Kn
aSn�1

o

�
Hþ½ �n

� �
¼ log So ¼ log SAPP

o @pH� pKAPP
a

¼ log nþ log K�n þ n log So � pKað Þ
þ n pH@pH� pKa

2b n BHþ± BHþð Þn ¼ log So þ log 1þ Hþ½ �
�

Ka þ n K	n Hþ½ �nSn�1
o

�
Kn

a

� �
¼ log So ¼ log SAPP

o @pH� pKAPP
a

¼ log nþ log K	n þ n log So þ pKað Þ
� n pH@pH� pKa

3a n A� þ n HA± AH �A�ð Þn ¼ log So þ log 1þKa= Hþ½ � þ 2n K*
n Kn

aS2n�1
o

�
Hþ½ �n

� �
¼ log So ¼ log SAPP

o @pH� pKAPP
o

¼ log 2nþ log K*
n þ 2n log So � n pKa

þ n pH@pH� pKa

3ax n A� þ n HA± AH �A�ð Þn
&HAþX±HA �X

¼ log So þ log 1þKa= Hþ½ � þ 2n K*
n Kn

aS2n�1
o

�
Hþ½ �n þK

�
¢Þ

¢

¢
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The Case 3ax example in Fig. 1 is based on equilibrium
constants indicated in the figure. In general it is not possible
to extract limiting forms of the equation, other than to
suggest that the slope at extreme pH still needs to be Q 1,
because of the n-dependence of pH in Eq. 9. As the Case 3ax
example in Fig. 1 illustrates, if the measured data are only
taken from the bend in the curve at high pH, the slope may
appear less than one, but if higher-pH data were available,
the model would predict a slope of +1.

Refinement of Aggregation Parameters

The solubilityYYYpH data measured by the mSOL Evolution
instrument were processed by the onboard software and stored
in the ELMi Data Manager (pION). The data from several
different assays, pooled in ELM, were further tested by the
software for the presence of aggregates. One of the equations in
Table I was automatically selected by the Evolution software.

The strategy used by the software is first to fit the data to
the expected HendersonYYYHasselbalch equation, from which
the apparent pKa is determined. Depending on the sign of the
difference between the true (supplied) and apparent (fitted)
ionization constants, the software-equivalent of Fig. 1 is
consulted to select the most appropriate case. With the most
probable case identified, the appropriate equation in Table I is
then applied to a second regression analysis of the data, where
the finalized parameters are determined by refinement.

The log SYYYpH data were fitted to it by a weighted
nonlinear regression procedure, where the following residual
function was minimized,

r ¼
XN

i

log Sobs
i � log Scalc

i

� �2

�2
i log Sð Þ

ð10Þ

where N is the measured number of solubility values in the
model, and log Si

calc is the calculated log solubility (Table I
equation), which is a function of the refined parameters:
pKa

APP (apparent ionization constant), log So
APP (apparent

intrinsic solubility), log So (true intrinsic solubilityVCases
1a and 1b only), log Kn (aggregation constant), and n
(aggregation order). The estimated standard deviation in
the observed log S, Ai, was estimated as 0.05 (log units). The
overall quality of the refinement was assessed by the
Bgoodness-of-fit,^

GOF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r

N �Np

r
ð11Þ

where Np is the number of refined parameters.

RESULTS AND DISCUSSION

Table II lists all of the refined results in this study.
Underlying the refined values are about 1,200 individual
solubilityYYYpH measurements, acquired rapidly by the robotic
instrument.

Micro Solubility Measurements without Excipients

Figure 2 shows the log SYYYpH solubility plots under the
excipient-free conditions. The dashed curves correspond to
those predicted by the HendersonYYYHasselbalch equation

(using the true pKa), and are presented as a comparison to
the curves more accurately reflecting the solubilityYYYpH
dependence. The dotted horizontal line indicates the appar-
ent intrinsic solubility. The solid curve corresponds to the
best-fit of the actual data (filled circles), according to one of
the equations in Table I. The bases studied here tended to
form cationic aggregates (Case 2b), with the exception of
butacaine and dipyridamole, which apparently formed neu-
tral aggregates (Case 1b). The two acids studied mostly form
anionic aggregates (Case 2a or 3a). It was not possible to
apply the BpKa-shift^ method to the non-ionizable com-
pounds, so the degree to which aggregates may form is not
known form this study.

Glibenclamide in Fig. 2e is an example of Case 3a in the
non-excipient results, since aggregates are suggested by the
negative shift of 1.6 log units in the apparent pKa, and the unit
slope in the high-pH data. That is, the data are consistent
with the formation of negatively charged dimers, AHIAjj.
Clotrimazole (Fig. 2c) appears to be composed of a
combination of B.BH+ and (BH+)2 species, as suggested by
the slope value of n=1.4. Astemizole (Fig. 2a) appears to be
composed of dimeric (n=1.8) (BH+)2 species, whereas
mefenamic acid (Fig. 2f) has both dimers and trimers of this
type (n=2.6). Dipyridamole and butacaine represent Case 1b
behavior, where uncharged aggregates are hypothesized to
form, which elevate the apparent solubility above the value
expected if no aggregates formed, as that which would be
expected from the HendersonYYYHasselbalch equation (dash
curves). These two molecules are also the most soluble of the
ionizable molecules considered. As pointed out elsewhere
(21), it is not possible to assess the degree of aggregation (n)
from the log SYYYpH data, when Case 1a or 1b dependence is
indicated.

It is clear that all of the compounds studied here are
sparingly soluble in excipient-free buffer (Bnone^ row in
Table II), with mefenamic acid being the least soluble, at
21T5 ng/ml. It may be quite surprising that such a low value
can be obtained by a UV-based high-throughput microtitre
method. It might be even suggested that the 18 h incubation
time used is anything but Bhigh-throughput.^ But, it must be
noted that during a 24 h duty cycle of the instrument, four to
ten 96-well plates can be processed. It is this parallel nature
of the robotic measurement that makes the overall procedure
very fast. The 18 h incubation time increases the probability
that the measured results represent the true equilibrium
solubility values of the most stable polymorph of the drug,
and not the kinetic values of other fast methods, those based
on the use of turbidity detection (we will compare our results
to more rigorous shake-flask methods later in the discussion).

The intrinsic solubility of astemizole, clotrimazole, and
glibenclamide were measured as 0.3YYY0.4 mg/ml (Table II). The
corrected intrinsic solubility of dipyridamole is 2.3T0.7 mg/ml
(6.2T1.1 mg/ml apparent value). The nonionizable compounds,
griseofulvin and progesterone, are moderately soluble in com-
parison to the other compounds, measuring 14YYY17 mg/ml.
Butacaine has a corrected intrinsic solubility of 1.9T0.7 mg/ml
(40T6 mg/ml apparent value). It is clear from these and other
measurements (below) that the sensitivity of the mSOL
Evolution method reaches the low nanogram region, in part
made possible by the highly developed spectroscopic data
processing software in the Evolution instrument.
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Table II. Refined Solubility and Aggregation Parameters

Compound pKa Excipient So
APPTSD SoTSD log KnTSD Case nTSD pKa

APPTSD GOF

Astemizole 8.60

5.84

none 0.29T0.08 5.07T0.44 2b 1.8 8.9T0.3 3.0

0.1 M KCl 0.19T0.03 5.00T0.21 2b 2.4 9.2T0.6 1.2

0.2 M KCl 0.27T0.04 4.39T0.27 2b 2.4 8.8T0.4 1.4

0.24% PG 0.22T0.05 3.17T0.53 2b 3.5 8.7T0.2 2.3

1% PG 0.22T0.04 3.27T0.41 2b 3.6 8.7T0.4 1.8

5% PG 0.31T0.07 4.66T0.33 2b 2.2 9.0T0.5 1.8

0.24% NMP 0.38T0.06 4.89T0.24 2b 2.2 9.1T0.5 1.4

1% NMP 0.38T0.08 5.67T0.23 2b 1.6 9.3T0.4 1.4

0.24% PEG400 0.48T0.01 7.50T0.01 2b 1.2 10.6T0.2 0.1

1% PEG400 0.29 7.11T0.07 2b 1.5 10.0T0.2 1.1

5% PEG400 0.29 7.87T0.02 2b 1.1 10.8 0.4

3 mM NaTC 0.63T0.07 0.2T0.1 1b 8.1T0.1 0.9

15 mM NaTC 3.0T0.7 1.4T0.7 1b 8.3T0.2 1.6

0.24% HP-b-CD 0.63T0.06 4.79T0.37 2b 1.8 8.7T0.1 0.8

1% HP-b-CD 12T2 4.0T2.9 1b 8.1T0.3 1.6

Butacaine 10.09

2.05

none 40T6 1.9T0.7 1b 8.8T0.2 1.2

0.1M KCl 83T17 1.3T0.8 1b 8.3T0.3 1.4

0.2M KCl 78T2 2.5T0.2 1b 8.6T0.1 0.1

0.24% PG 51T4 2.3T0.5 1b 8.8T0.1 0.4

1% PG 69T5 0.9T0.2 1b 8.2T0.1 0.5

5% PG 66T9 1.5T0.5 1b 8.5T0.2 0.9

0.24% NMP 47T3 2.1T0.5 1b 8.8T0.1 0.6

1% NMP 71T5 1.9T0.5 1b 8.5T0.1 0.5

0.24% PEG400 151 3.6 1b 8.5 YYY b

1% PEG400 107T2 2.8T0.4 1b 8.5T0.1 0.1

5% PEG400 107 2.8 1b 8.5 YYY b

3 mM NaTC 50T10 3.1T1.6 1b 8.9T0.2 1.1

15 mM NaTC 96T4 2.3T0.4 1b 8.5T0.1 0.2

0.24% HP-b-CD 79T4 2.0T0.3 1b 8.5T0.1 0.3

1% HP-b-CD 141T7 1.5T0.4 1b 8.1T0.1 0.3

clotrimazole 6.02 none 0.39T0.18 5.93T0.39 2b 1.4 7.4T1.1 2.8

0.1M KCl 0.39 6.20T0.06 2b 1.6 7.4 0.9

0.2M KCl 4.8T1.3 3.3T1.2 1b 5.9T0.2 1.2

0.24% PG 1.1T0.2 4.50T0.22 2b 1.6 6.5T0.4 0.9

1% PG 2.0T0.5 2.56T0.73 2b 2.3 6.1T0.1 1.9

5% PG 2.6T1.0 4.65T0.53 2b 1.4 6.3T0.5 1.9

0.24% NMP 1.3T0.2 4.59T0.25 2b 2.0 6.4T0.3 1.3

1% NMP 1.7T0.2 4.77T0.16 2b 1.8 6.5T0.2 0.8

0.24% PEG400 0.39 7.54T0.03 2b 1.3 7.9 0.6

1% PEG400 0.39 7.15 2b 1.9 7.4 -b

5% PEG400 1.9T0.6 6.86T0.12 2b 0.8 6.4T0.1 0.1

3 mM NaTC 1.0T0.1 5.23T0.18 2b 1.5 6.4T0.2 0.9

15 mM NaTC 20T2 6.8T1.4 1b 5.5T0.1 0.6

0.24% HP-b-CD 17T0.4 6.6T0.4 1b 5.6T0.1 0.2

1% HP-b-CD 85T4 11.3T2.0 1b 5.1 0.4

dipyridamole 6.22 none 6.2T1.1 2.3T0.7 1b 5.8T0.1 2.1

0.1M KCl 5.2T0.8 3.3T0.8 1b 6.0T0.1 0.8

0.2M KCl 5.8T0.9 3.1T0.7 1b 5.9T0.1 0.8

0.24% PG 5.8T0.5 2.1T0.3 1b 5.8T0.1 0.5

1% PG 6.5T0.3 2.7T0.2 1b 5.8T0.1 0.3

5% PG 9.8T1.3 3.9T0.8 1b 5.8T0.1 0.8

0.24% NMP 5.9T1.1 2.2T0.6 1b 5.8T0.1 1.0

1% NMP 8.1T1.5 2.4T0.7 1b 5.7T0.1 1.1

0.24% PEG400 4.6T1.2 6.95T0.13 2b 0.6 6.8T0.1 0.4

1% PEG400 11T3 5.0T1.9 1b 5.9T0.2 1.3

5% PEG400 14T1 13.7T2.4 1b 6.2T0.1 0.4

3 mM NaTC 24T2 5.3T0.9 1b 5.6T0.1 0.5

15 mM NaTC 110T5 9.9T1.7 1b 5.2T0.1 0.4

0.24% HP-b-CD 7.1T0.8 2.8T0.7 1b 5.8T0.1 0.8

1% HP-b-CD 15T1 3.2T0.7 1b 5.6T0.1 0.6

griseofulvin none 14T0.4

0.1M KCl 21T1

0.2M KCl 19T2
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0.24% PG 18T2

1% PG 24T1

5% PG 25T2

0.24% NMP 19T1

1% NMP 25T1

0.24% PEG400 20T2

1% PEG400 20T1

5% PEG400 27T2

3 mM NaTC 39T2

15 mM NaTC 54T2

0.24% HP-b-CD 23T2

1% HP-b-CD 24T1

progesterone none 17T1

0.1M KCl 23T1

0.2M KCl 20T1

0.24% PG 18T3

1% PG 19T2

5% PG 24T14

0.24% NMP 14T2

1% NMP 20T1

0.24% PEG400 18T1

1% PEG400 15T2

5% PEG400 30T6

3 mM NaTC 22T1

15 mM NaTC 48T3

0.24% HP-b-CD 162T9

1% HP-b-CD 187T6

glibenclamide 5.90 none 0.35T0.10 7.23T0.16 2a 1.1T0.1 4.3T0.1 1.4

0.1M KCl 0.35 6.97T0.15 2a 1.1T0.2 4.3 2.7

0.2M KCl 0.35 6.99T0.06 2a 1.2T0.1 4.3 1.1

0.24% PG 0.35 7.36T0.12 2a 1.1T0.2 4.3 2.4

1% PG 0.35 7.34T0.08 2a 1.1T0.1 4.3 1.7

5% PG 0.71 7.37T0.02 2a 1.0T0.04 4.2T0.2 0.5

0.24% NMP 0.45T0.11 6.95T0.15 2a 1.0 4.6T0.1 1.2

1% NMP 0.65T0.10 6.92T0.08 2a 0.8T0.1 4.7T0.1 0.5

0.24% PEG400 0.36 5.96T0.09 2a 0.9T0.2 5.4T0.1 0.6

1% PEG400 0.26 6.88T0.09 2a 0.9T0.1 4.7T0.2 1.0

5% PEG400 2.69 5.95T0.36 2a 0.8T0.5 5.6T0.2 1.0

3 mM NaTC 0.32 7.42T0.03 2a 1.2T0.04 4.3T0.1 0.4

15 mM NaTC 2.5T1.6 6.69T0.52 2a 0.5T0.2 5.5T0.1 0.5

0.24% HP-b-CD 4.4T1.7 6.67T0.39 2a 0.9T0.2 5.1T0.1 0.6

1% HP-b-CD 24T5 6.79T0.32 2a 0.7T0.1 5.4T0.1 0.2

mefenamic acid 4.54 none 0.021T0.005 6.02T0.80 2a 2.6T2.1 4.3T0.3 3.6

0.1M KCl 0.023T0.005 6.61T0.60 2a 3.5 4.4T0.4 2.0

0.2M KCl 0.021 5.72T0.38 2a 2.1T1.1 4.3 3.7

0.24% PG 0.021 6.88T0.54 2a 3.3T1.2 4.1T0.3 1.4

1% PG 0.021 6.46T0.72 2a 2.0T1.2 4.0T0.3 4.2

5% PG 0.056 5.87T0.09 2a 0.9T0.1 4.0 1.0

0.24% NMP 0.019T0.009 6.22T0.58 2a 2.0 4.1T0.6 3.4

1% NMP 0.062T0.010 5.01T0.55 2a 2.5T1.8 4.4T0.2 1.3

0.24% PEG400 0.004T0.002 5.15T1.08 2a 2.5 4.5T0.2 4.4

1% PEG400 0.021 2a 4.5 1.1

5% PEG400 0.028 4.98T0.58 2a 0.6 4.5T1.1 1.7

3 mM NaTC 1.9T0.4 0.11T0.03 1a 5.8T0.1 0.4

15 mM NaTC 1.4T0.3 0.10T0.03 1a 5.7T0.1 1.0

0.24% HP-b-CD 0.34T0.02 0.28T0.02 1a 4.6T0.1 0.2

1% HP-b-CD 2.9T0.5 0.61T0.17 1a 5.2T0.1 1.1

The pKa values are taken from (29). SD=standard deviation. So
APP is the apparent intrinsic solubility. So is the intrinsic solubility. Blank entries

in the So field indicate that So=So
APP . The aggregation constant, log Kn is of the case indicated by the FCase_ column, with reference to the

symbols in Table I. The refined order of aggregation is indicated by n. Entries without SD were determined by manual adjustment, to produce

the lowest values of GOF. The pKa
APP value was determined by applying the HendersonYYYHasselbalch equation to the log SYYYpH data. GOF is the

goodness-of-fit (Eq. 11).

Table II. Continued

Compound pKa Excipient So
APPTSD SoTSD log KnTSD Case nTSD Ka

APPTSD GOF
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Micro Solubility Measurements with Excipients

Solubility-ExcipientYYYpH Plots

Figures 3, 4 and 5 show some of the log SYYYpH curves for
the ionizable molecules studied, at one of the excipient
concentrations (1% and 15 mM). The results of the other

excipient concentrations considered are summarized in
Table II. In addition to the curves in the excipient-free plots
(Figs. 2, 3, 4 and 5), have the additional Bdash-dot-dot^
curves, which represent the solid curves from the excipient-
free case. This transferred baseline curve allows for quick
visual assessment of the impact of the excipient on a
particular compound.

Fig. 2. Plots of log solubility vs. pH in excipient-free aqueous solutions for model ionizable drugs (solutions contain 1% v/v DMSO). S refers

to the solubility in mg/ml units. The dashed curves were calculated with the HendersonYYYHasselbalch equation, using the true pKa values

(Table II). The solid curves are the best-fit to the solubility data (filled circles), according to the aggregation model equations in Table I. The

dotted horizontal line marks the apparent intrinsic solubility value.
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Potassium Chloride

In the presence of 0.1 and 0.2 M KCl, solubilityYYYpH
profiles are similar to those in the excipient-free cases (Fig. 2).

The apparent intrinsic solubility of only butacaine and
clotrimazole are significantly elevated by 0.2 M KCl. The

origin of this effect is not clear. The expected change due to
Bsalting out^ is to have a decrease in solubility, opposite of
what is observed. Potassium chloride raises the ionic strength
of the solution. The pKa of the bases are not normally
expected to change significantly as a result of elevation of
ionic strength from 0.01 to 0.21 M (3). Ionic strength changes

Fig. 3. Plots of log solubility vs. pH with 1% v/v PEG400 for model ionizable drugs (solutions also contain 1% v/v DMSO). The dashed curves

were calculated with the HendersonYYYHasselbalch equation, using the true pKa values (Table II). The solid curves are the best-fit of the data

(filled circles), according to the aggregation model equations in Table I. The dotted horizontal line marks the apparent intrinsic solubility

value. The dash-dot-dot curve refers to the excipient-free best-fit curve shown in Fig. 2.
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can alter the pH of the solution, but the analysis of butacaine
and clotrimazole largely drew on data from the flat regions of
the log SYYYpH curve, least dependent on pH uncertainty.

Astemizole seems to show a steeper pH dependence in
neutral pH solutions, putatively arising from the formation of
higher-order aggregates. Clotrimazole seems to show the oppo-
site effect: the presence of high-salt concentration seems to break

up the aggregates seen in excipient-free solution. Its behavior in
0.2 M KCl is well predicted by the HendersonYYYHasselbalch
equation. Also, its intrinsic solubility lifts from 0.39 to 3.3 mg/ml.
The effect of 0.2 M KCl on dipyridamole, glibenclamide, and
mefenamic acid appear minimal. The deflection of points from
the curve for pH > 6.5 for mefenamic acid could be due to salt
formation between K+ and the ionized drug.

Fig. 4. Plots of log solubility vs. pH with 15 mM NaTC for model ionizable drugs (solutions also contain 1% v/v DMSO). The dashed curves

were calculated with the HendersonYYYHasselbalch equation, using the true pKa values (Table II). The solid curves are the best-fit of the data

(filled circles), according to the aggregation model equations in Table I. The dotted horizontal line marks the apparent intrinsic solubility

value. The dash-dot-dot curve refers to the excipient-free (solid) curve shown in Fig. 2.
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Propylene Glycol

In the presence of 1YYY5% PG, solubilityYYYpH profiles are
similar to those in the excipient-free cases (Fig. 2). The
effects are similar to those due to 0.1YYY0.2 M KCl. Astemizole
appears to show even higher-order aggregates (n=3.6), along
with a slight decrease in intrinsic solubility. The solubility
appears to increase only in low-pH solutions for astemizole.

The intrinsic solubility of clotrimazole increases from 0.39 to
2.0 mg/ml.

1-Methyl-2-Pyrrolidone

In the cases of 1YYY5% NMP, the aggregation order
diminishes in astemizole and glibenclamide, compared to
KCl and PG excipients. The other effects are comparatively

Fig. 5. Plots of log solubility vs. pH with 1% w/v HP-b-CD for model ionizable drugs (solutions also contain 1% v/v DMSO). The dashed

curves were calculated with the HendersonYYYHasselbalch equation, using the true pKa values (Table II). The solid curves are the best-fit of the

data (filled circles), according to the aggregation model equations in Table I. The dotted horizontal line marks the apparent intrinsic solubility

value. The dash-dot-dot curve refers to the excipient-free (solid) curve shown in Fig. 2.
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smaller in degree. Clotrimazole appears to be enhanced in
solubility with NMP, as with KCl and PG. Mefenamic acid
responds to NMP with a slight increase in intrinsic solubility
(cf., Table II).

Propylene Glycol 400

Whereas the first three excipients discussed are associ-
ated with weak effects, PEG400, with solubilityYYYpH plots
shown in Fig. 3, has a moderate impact. The binding constant
of aggregation in astemizole and clotrimazole (but not the
order of aggregation) greatly increase, as indicated by
dramatic shifts of the solid curves to higher pH values. The
aggregation in mefenamic acid appears to disappear, and the
curve has classic HendersonYYYHasselbalch behavior. The ap-
parent intrinsic solubility of the more soluble drugs, dipyr-
idamole and butacaine, nearly doubled over values shown in
the previous three weaker-acting excipients.

Sodium Taurocholate

Figure 4 shows the effect of 15 mM NaTC bile salt. The
patterns of effect for each of the considered drugs are
dramatic, with an across-the-board elevation of solubility,
particularly in the case of mefenamic acid (cf., Table II).
Astemizole behaves as a classical HendersonYYYHasselbalch-
obeying molecule, as do all the other molecules, except
glibenclamide. The latter molecule shows pH dependency
slope of +0.5, which may be best described by Case 3ax
behavior. Most of the aggregation-prone molecules are
strongly bound to NaTC micelles, apparently as uncharged
monomers, whose pH dependence can be described by the
HendersonYYYHasselbalch equation. The analysis of the appar-
ent binding strength (3,23,24) can be described by Case 1a or
1b equations (Table I).

2-Hydroxypropyl-b-Cyclodextrin

As with the bile salt, 1% HP-b-CD, has the tendency to
break up aggregates, as shown in Fig. 5. Although we have
chosen to represent the solubility equilibria with an aggrega-
tion model, the association is that of complexation. The aggre-
gation model is still convenient in categorizing the solubility
effects, in order to compare this to the action of the other ex-
cipients with a similar model. (General complexation models
based on the analysis of phase-solubility diagrams will be the
subject of a future study.) Both the bile salt and the cyclo-
dextrin have a significant effect on elevating solubility of the
drugs studied. Both excipients appear to diminish the forma-
tion of aggregates. Glibenclamide still has the unique half-
integral slope value in the solubilityYYYpH plot (Fig. 5e).

Astemizole

Table II is a convenient reference in comparing the
effects of all the excipients on a particular drug. In the case of
astemizole, solubility is greatly enhanced by 1% HP-b-CD
(excipient-free value of 0.29 mg/ml raised to 12 mg/ml) and
also by 15 mM NaTC. The strength of aggregation (log Kn/n)
is elevated most significantly by 0.24% and 5% PEG400,

over values in excipient-free solutions. Slightly lesser eleva-
tions are noted with 1% PEG400 and 1% NMP.

Butacaine

Butacaine does not appear to form charged aggregates.
The solubility of the most soluble molecule of those con-
sidered here is most easily elevated by not only both of the
HP-b-CD concentrations (Table II), but also by 0.1 M KCl,
all PEG400 concentrations (excipient-free value of 40 mg/ml
raised to 152 mg/ml), and 15 mM NaTC.

Clotrimazole

As with astemizole, the aggregates with clotrimazole are
widely affected by various excipients. The strength of
aggregation (log Kn/n) is significantly elevated by 0.24%
and 5% PEG400. The biggest gains in solubility come from
the use of 15 mM NaTC and 1% HP-b-CD (excipient-free
value of 0.39 mg/ml raised to 85 mg/ml).

Dipyridamole

The PEG400 aggregation strengthening effect is seen
with dipyridamole at the low excipient concentration. Solu-
bility is elevated to 110 mg/ml from the excipient-free value of
6.2 mg/ml by 15 mM NaTC. Other excipients have significant
effects on solubility (cf., Table II).

Griseofulvin

Aggregation phenomena cannot be indicated by the
BpKa-shift^ method, since both griseofulvin and progesterone
are non-ionizable. The elevation of solubility takes place with
the Bstrong^ excipients: excipient-free value of 14 mg/ml is
raised to 54 mg/ml by 15 mM NaTC. The impact of the
excipients on the solubility of griseofulvin is relatively less
dramatic than that on other lesser soluble drugs studied.

Progesterone

In contrast to griseofulvin, progesterone is strongly
affected by cyclodextrin. As with griseofulvin, the elevation
of solubility takes place with the Bstrong^ excipients: but the
excipient-free value of 17 mg/ml is raised to 187 mg/ml by 1%
HP-b-CD with progesterone.

Glibenclamide

The strength of aggregation with glibenclamide is only
increased by the excipients, especially 15 mM NaTC. This
may be a Bsalting-out^ phenomenon, appearing consistently
with PEG400. This is a new and unexpected observation, and
will require further investigation.

Mefenamic Acid

With the least soluble drug of the set studied, the best
enhancement to solubility is effected by NaTC and HP-b-CD,
but the highest intrinsic solubility achieved is still relatively
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low, less than 3 mg/ml. NMP and PEG seem to increase the
aggregation strength (log Kn/n).

Summary of Solubility-Excipient Trends

It is not surprising that excipients raise the solubility of
sparingly soluble molecules, as illustrated in this study.
Perhaps what is new is that the extent and nature of such
effects can be very quickly and reliably assessed by the robotic
instrument used. By comparisons of our results to those
derived from DMSO-free shake-flask methods (next section),
our values appear acceptably accurate, in spite of the presence
of 1% DMSO in all of the solutions in this study.

Considering the effects of specific excipients, perhaps the
new observation is that PEG400 (and to a lesser extent, NMP)
seems to increase the strength of aggregation (log Kn/n) of a
number of the drugs. We are not familiar with any previous
such observations in the literature. The nature of the
interactions are not entirely understood, but perhaps it is
useful to consider the following possible effect. The moderate
strength PEG400 may not provide a sufficiently competitive
hydrophobic environment into which to attract the drugs,

compared to that of cyclodextrin and sodium taurocholate.
However, the 1% DMSO present in all solutions and some
water of solvation may be attracted to the PEG400 mole-
cules, making the excipient- and DMSO-poor residual
portion of the buffer solution more concentrated in the drug
aggregates, leading to their stronger self-associations. We are
using the analogy of the Bsalting out^ effect here. This
speculative view will require further testing.

Comparisons to Literature Determinations
of the SolubilityYYYpH Behavior of the Studied Drugs

Glomme et al. (9) published solubilityYYYpH data for
dipyridamole, glibenclamide, and mefenamic acid, at 37-C.
Bergström et al. (11) published such data for dipyridamole, at
23-C. Both studies were performed by miniaturized shake-
flask procedures, with DMSO-free buffer solutions. Figure 6
shows the data from the literature, fitted with equations from
Table I, and comparing to the results obtained by us in
excipient-free solutions (dash-dot-dot curves in Fig. 6). Salt
formation appears in glibenclamide and mefenamic acid at
elevated pH, and at low pH for dipyridamole (Fig. 6d). Our

Fig. 6. Literature values (9,11) of log S vs. pH of compounds in this study. Solid curves represent the aggregation equation (Table I) analysis

of the reported measurements. The dash-dot-dot curve refers to the excipient-free (solid) curve shown in Fig. 2. The dashed curves were

calculated with the HendersonYYYHasselbalch equation, using the true pKa values from Table II for the 23-C data (11). The 37-C pKa values

used in the calculation for the literature measurements, listed in the figure, were deconvoluted from the reported pSOL log S vs. pH values

(data not shown) in (9).
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dipyridamole results agree almost perfectly with those of
Glomme et al., and very closely with those of Bergström et al.
The apparent intrinsic solubility of glibenclamide in the
literature, 70T1 ng/ml, is lower than what we have deter-
mined, 350T100 ng/ml. This may be due to the presence of
1% DMSO in our solutions. However, our intrinsic result
with mefenamic acid is lower than that of the literature
(Fig. 6c). Also, we see aggregates at 25-C, but these are less
apparent in the 37-C data of Glomme et al., consistent with
previous observations that aggregation is temperature sensi-
tive (14,15,21). The dipyridamole example at 23-C (Fig. 6d)
indicates mixed-charge aggregation. Considering how much
variance is usually seen in published shake-flask solubility
values, the relatively good agreement between our results
(with 1% DMSO in all solutions) and those published in the
literature, performed by the more rigorous shake-flask
method, in the absence of any DMSO, makes us confident
that the robotic method described here is capable of
producing accurate solubility measurements, at high speed,
with minimal consumption of sample.

Rank-Ordered Intrinsic Solubility-Excipient (ISE)
Classification Gradient Map

As we did in our previous PAMPA-excipient study (29),
we propose in this study a classification gradient mapping
scheme shown in Fig. 7 (ISE-Mapping), which improves the
visualization of the excipient effects, allowing for precise
systematic evaluation. The map can be automatically gener-

ated by the software associated with the solubility instrument
used in the study. Plotted in Fig. 7 are apparent intrinsic log
solubility ratios, with excipient solubility divided by excipi-
ent-free base value. Such a Bgradient^ map normalizes
solubility to shift patterns with reference to the excipient-
free baseline. Since 1% DMSO is present in all solutions, a
gradient map is expected to eliminate some of the impact of
DMSO. In Fig. 7, green values represent the base (unaffect-
ed) values. Warm colors (yellow to deep orange) represent
enhanced intrinsic solubility, and cool colors (deep blue) refer
to depressed values. Along the vertical axes are the excipient
compositions, rank ordered by decreasing average intrinsic
solubility enhancement. Along the horizontal axes are the
drugs, arranged in the order decreasing benefit due to excip-
ients. The top left corner represents the Bbest^ combination
of excipients and compounds. The lower right corner repre-
sents the Bworst^ combination. With this intrinsic solubility-
excipient (ISE) classification gradient map procedure, or
ISE-Mapping for short, it would be very efficient to recognize
and thus prioritize the most promising molecule-excipient
combinations, and such ISE-Mapping can be applied to a very
large numbers of molecules, as are encountered in discovery-
optimization programs in pharmaceutical companies.

The three most helpful excipients in this study appear to
be 1% HP-b-CD, 15 mM NaTC, and 0.24% HP-b-CD. The
least-effective excipients are 0.24% PEG400, 0.1M KCl, and
0.24% PG. From Fig. 7, it is visually apparent that clotrima-
zole, with its overall Bwarm^ colored vertical track in the map,
is ranked relatively high. Not only is intrinsic solubility

Fig. 7. Rank-ordered classification gradient map for the compounds and excipient combinations studied. The values in the contour map are

logarithm of the ratio of the apparent intrinsic solubility to the apparent excipient-free value, i.e., the baseline value. Warm colors refer to

excipient-enhanced solubility, and cool colors refer to excipient-depressed solubility, with dark green being the base value. The excipient rows

are sorted according to descending order of enhancement of solubility, and the molecule columns are sorted in descending order of enhanced

solubility.
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enhanced by the strong excipients, such as 1% HP-b-CD, it is
also elevated by moderate and relatively weak excipients,
such as 0.2 M KCl. As ISE-Mapping indicates, the solubility
enhancement of progesterone and griseofulvin is weak and
comparable in magnitude, and these two molecules are
classed to the right side of the map. Only at the top of the
map does progesterone shows some warm color effects,
differentiating itself slightly from griseofulvin.

CONCLUSION

We conclude that we have met the objectives of our
study: to develop a practical, low-cost and reasonably
accurate high-throughput assay method which could be used
in early screening for intrinsic solubility in the presence of
excipients. This is thought to be beyond the capability of
turbidity-based solubility methods (9,10). The classification
gradient mapping procedure (ISE-Mapping) introduced in
this study may prove to be very useful ranking tool in the
future, as more compounds are characterized.
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