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The discovery and development of a new pharmaceu-
tical have evolved into a tremendously complex process
that involves contributions from a large and diverse
group of scientists and clinicians. In the early drug discov-

ery stage, pharmacologists and biochemists deduce mechanisms
of a disease or clinical condition, and in vitro methods are designed
for use as model systems. Medicinal chemists then set out to
design and synthesize compounds that will somehow interfere
with the mechanism of a given disease or condition, using the
in vitro model system as a guide for the architecture of the
compounds. Frequently, we see the fruits of the discovery phase
displayed as exciting three-dimensional images of a new drug
molecule docking to its receptor host. At the other end of a poten-
tial new drug’s life cycle, physicians and pharmacologists evalu-
ate the drug’s safety and efficacy through a series of clinical trials
that often involve thousands of human subjects.

The Road to Clinical Trials
If a new drug candidate displays potent efficacy and low toxic-
ity in animal and in vitro models, it graduates from discovery to
the development phase. Like a complex system of roads between
two distant cities, the drug development phase connects drug
discovery and clinical evaluation. One of the early areas of focus
in development is directed toward transforming the pure drug
substance into a reproducible dosage form (i.e., capsules or tablets)
that can be safely and effectively administered to humans in a
clinical trial. It turns out that there’s a lot more to making
a little white tablet than meets the eye. The science
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of drug dosage formulation falls under the discipline commonly
referred to as pharmaceutical sciences.

In the United States, this discipline has its modern roots in
the early 19th century, when apothecaries began to standardize
the science of drug compounding. Until the early 1960s, new
drug substances were formulated by pharmaceutical scientists
into seemingly good dosage forms, which often turned out to
degrade chemically during storage. Surprises regarding changes
in the drug’s solid-state form (polymorphism) also reared their
heads, at stages as late as phase III clinical trials. Subtle
changes in physical form often led to serious issues regarding
bioavailability or stability. As such, when it came to dosage
form development, what might have looked like a smooth
superhighway often turned out to be a pothole-ridden dirt road.

With these potholes in mind, it became apparent that consid-
erable investigation was required before the formulation of the
clinical dosage form, to identify key problems that were likely to
be encountered. This early drug substance and dosage form char-
acterization work has become known as preformulation. The activ-
ities that make up this discipline are now widely practiced through-
out the pharmaceutical industry, with the participation of scientists
from fields such as chemistry and pharmaceutics.

Bumps in the Road
Preformulation activities can be separated into four distinct stages
that involve selecting the appropriate salt form of the drug,
characterizing the drug substance’s solid-state (e.g., crystal morphol-
ogy or hygroscopicity) and solution properties (e.g., solubility as
a function of pH), and determining its compatibility with excip-
ients. A decision tree naturally evolves from the preformulation
process, whereby the best form of the drug substance is selected
(neutral form or salt), and further insights are gained on the

expected bioavailability, stability, and the best excipients for formu-
lating the drug substance into a final clinical dosage form.

Salt Selection
Salt formation provides a means of altering the physicochemical
and resultant biological characteristics of a drug substance
without modifying its chemical structure. Toward this end, any
compound with a sufficiently acidic or basic functionality can
potentially be transformed into its salt form. Obviously, one of
the most important advantages of salt formation is the associ-
ated increase in solubility. A striking example of this solubility
enhancement is seen with codeine (an analgesic and antitussive
drug), where the free base and phosphate-salt hydrate have aque-
ous solubilities of 8.3 and 435 mg/mL, respectively (Figure 1).
Although many suitable counterions are available, the HCl and
Na salts of the respective basic and acidic drugs have been by
far the most prevalent.

Although each drug company has its own strategy for salt
selection, the following general approach often applies. A few
grams of the neutral form and several salts of the drug substance
are synthesized in preparation for a salt selection study. During
the preclinical stage, drug substance supplies are almost always
in short supply, so care must be taken to fully characterize the
compound using the least amount of material possible.

First, the compound’s molecular structure, purity, and state
of hydration or solvation are confirmed by standard analytical
methods. For compounds with ionizable functional groups, the
pKa is determined. The pKa for soluble compounds is easily
determined by potentiometric titration using instruments provid-
ed by companies such as Sirius Analytical Instruments (www.sirius-
analytical.com). More elaborate methods (including computer
simulation) must be used, however, for insoluble compounds. 
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Another useful parameter is the partition coefficient (Log P).
This is a measure of how well a substance partitions between
lipids and water, which can help predict how well a compound
will pass through cell membranes. Log P can be determined by
several methods, including the historic
“shake flask” method or more modern
potentiometric titration methods. 

The main objective of a salt selection
study is to identify the salt form that is most
suitable for development. The following four
parameters are often considered primary
criteria for the selection of a particular form: 
• Optimal aqueous solubility (measured

at various pH levels),
• Optimal degree of crystallinity,
• Low hygroscopicity (water absorption

versus relative humidity), and
• Optimal chemical and solid-state stabili-

ty under accelerated conditions (i.e., mini-
mal chemical degradation or solid-state
changes when stored at 40 °C and 75% relative humidity). 
A serious deficiency in any of these attributes usually leads

to the exclusion of that particular form from further develop-
ment. Details on the methods used to evaluate these attributes
will be discussed along with the other stages of preformulation
characterization.

Recently, high-throughput screening methods (borrowed from
combinatorial peptide chemistry) have made their way into salt
selection. One high-throughput approach uses a microplate tech-
nique, which allows for a large array of counterions and crystal-
lization solvents to be evaluated using as little as 50 mg of drug
substance. After the optimum drug substance form is selected,
synthesis of the compound is scaled up to a few hundred grams,
and the other stages of preformulation
begin. The next three stages generally are
performed in no particular order, and again,
they are carried out using a minimum
amount of compound (generally <25 g). 

Solid-State Characterization
Drug substance solid-state properties such
as crystallinity, particle size, and morphol-
ogy can affect many aspects of process-
ing, as well as in vivo behavior. Hence, these
properties must be well characterized during
the preformulation stage, and these data
serve as a benchmark for all subsequent
drug substance lots.

Polarized light microscopy (PLM) is
perhaps the simplest way to quickly
evaluate all of these attributes. PLM is
particularly useful for confirming the pres-
ence or absence of crystallinity, because
a powder containing anisotropic crystals
exhibits obvious regions of bright and dark
areas when observed under polarized light
(Figure 2). PLM also is useful for distin-
guishing between different crystalline
habits (geometric morphology).

Crystallinity can be further characterized

by X-ray powder diffraction (XRPD). In this analytical technique,
a beam of monochromatic X-rays is directed at a crystalline mate-
rial, and a characteristic XRPD pattern is produced. Each polymorph
of a crystalline material displays its own unique diffraction pattern.

Another powerful technique for char-
acterizing solid-state properties is differ-
ential scanning calorimetry (DSC). Using
DSC, 2–5-mg samples are encapsulated in
aluminum pans and heated at rates of
1–20 °C/min. During the course of this
experiment, a plot of sample heat flow
versus applied temperature is generated.
DSC is particularly useful for the investi-
gation of polymorphism or solvation,
because different crystal structures or
solvates of the same compound often can
be differentiated on the basis of their ther-
mal behavior. More recently, computer-
modeling methods using software from
companies like Accelrys (www.accelrys.com)

are also gaining popularity for the prediction of polymorphism. 
If solvates were implicated during the DSC experiments, ther-

mal gravimetric analysis can be used as a convenient method to
help confirm whether water or organic solvents are incorporated
into the drug substance crystal structure. In this technique, a sample
is heated in a small furnace, yielding a weight-versus-temperature
plot. Finally, hygroscopicity measurements are performed (initial
measurements are typically done during the salt selection stage),
whereby moisture uptake is measured over a range of humidity
levels. Compounds that show a propensity for significant water
adsorption under modest relative humidity conditions (50–75%)
are generally avoided if at all possible, because special measures
must be taken for packaging and storing such compounds. 

Solution Properties
Solubility is measured first in aqueous media
over a range of pH values and tempera-
tures. For compounds with ionizable func-
tional groups (e.g., amines or carboxylates),
solubility will have a strong dependence on
pH. Hence, determinations at low and high
physiologic pHs (from 1.2 to 7.4) indicate
how well the drug substance can be expect-
ed to dissolve in different portions of the
digestive tract. pH effects on solubility also
can be of particular utility in the prepara-
tion of parenteral solutions (i.e., intra-
venous). Solubility measurements at room
temperature (~22 °C) help predict how
the compound will behave when subject-
ed to water upon formulation, whereas solu-
bility at 37 °C is relevant to the compound’s
in vivo solubility.

Another solution property, the intrin-
sic dissolution rate, can be measured by
the rotating disc method. In this method,
the drug substance is compressed into a
disc, and the compound’s aqueous disso-
lution is measured versus time. Because the
compound is compressed into a disc,

24 TODAY’S CHEMIST AT WORK JULY 2003 www.tcawonline.org

FIGURE 2: Polarized light microscopy images
of two different crystal habits of acetylsali-
cylic acid. The bold colors are the result of
using polarized light and a 530-nm filter.
(Images courtesy of the authors.)

FIGURE 1: Codeine, an easily salifiable drug
substance.
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particle-size effects on the dissolution rate
are minimized. Also, the aqueous solubil-
ity in the presence of complexation agents
such as β-cyclodextrins is often determined.
Complexation agents, which can enhance
the solubility of insoluble compounds, have
been used increasingly for preparing
parenteral solution formulations. 

As a last resort, drug substances that are
poorly soluble in aqueous media can be
administered in early clinical trials as a solu-
tion in a pharmaceutically acceptable
nonaqueous solvent. Toward this end, the
solubility of water-insoluble compounds is
often determined in solvents such as propyl-
ene glycol, polyethylene glycol, and
amphiphilic media such as Labrasol.

Along with a drug’s solubility properties, perhaps the best means
of predicting a compound’s absorption via the GI tract is through
the use of in vitro cell culture systems that mimic the intestinal
mucosa. To evaluate the drug’s potential for transport (perme-
ation) through the intestinal epithelium new drugs are screened in
a human colon carcinoma cell (Caco-2) model (Figure 3).

The Biopharmaceutics Classification System (BCS) has been
recently established, which correlates predicted drug absorption
with solubility and Caco-2 cell permeability. For example, drugs
with good aqueous solubility and high
permeability in the Caco-2 model (BCS class
I) would be expected to be well absorbed
orally, whereas a poorly soluble compound
with limited Caco-2 cell permeability (BCS
Class IV) would be expected to have signif-
icant absorption limitations. This classifi-
cation is applied to all new drugs entering
into development. 

Drug Substance–Excipient
Compatibility
Several criteria must be met when design-
ing a good clinical drug formulation. For
example, a formulation for an oral solid
dosage form (the most favored adminis-
tration route) has the following minimal requirements:
• the in-process powder must have acceptable flow properties, 
• the drug substance must be homogeneously distributed, and
• the final dosage form should disintegrate and dissolve in aque-

ous media in a relatively short amount of time.
Since few pure drug substances possess all these properties, the
drug is often combined with a variety of excipients that enable
the formation of free-flowing spherical granules via a wet gran-
ulation process. Such “granulations” usually possess the mini-
mal formulation requirements noted above.

The classes of excipients required for this process include dilu-
ents, binders, disintegrants, lubricants, and surfactants. Unfor-
tunately, many pharmaceutical formulators have observed that
Mother Nature often complicates a seemingly straightforward
formulation, when the excipients used produce completely unex-
pected chemical degradation effects. Some adverse drug–excip-
ient interactions are well known, such as the condensation
reaction between lactose and primary or secondary amines, or

Mg stearate-catalyzed hydrolysis of labile
esters. Frustrations such as these gave rise
to the implementation of excipient compat-
ibility experiments aimed at determining
which excipients will cause a drug substance
to degrade.

There have been myriad approaches
reported for evaluating drug–excipient
compatibility, ranging from evaluating simple
drug–excipient binary mixtures to the appli-
cation of statistically designed arrays of
prototype formulations. A statistically
designed formulation matrix allows
researchers to evaluate the maximum
number of potential drug–excipient inter-
actions, using a minimum number of exper-
iments. In either case, the mixtures are

usually subjected to conditions of high heat and humidity, followed
by identification of any drug–excipient interactions. HPLC analy-
sis is generally considered the most effective method for identi-
fying most drug substance degradations or drug–excipient inter-
actions.

The Pharma Finish Line
At this point, a thorough preformulation study has been complet-
ed. The solid-state and solution properties of the new drug

substance are well understood and there
is some direction on excipients to avoid
during formulation development. Armed
with these data, the formulator hopes to
avoid unforeseen formulation potholes and
can proceed down the highway with confi-
dence on the development of a stable, repro-
ducible clinical dosage form. 
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FIGURE 3: Schematic representation of a
Caco-2 permeability assay. 
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