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I PREFACE

Today, modern pharmaceutical analysis entails much more than the anal-
ysis of active pharmaceutical ingredients or the formulated product. There are
many reasons for this change, not the least of which is our ability to better
understand physicochemical properties of pharmaceutical compounds through
the use of advanced instrumental methods. Furthermore, there is a need for
quality assurance of pharmaceutical products throughout their shelf life. This
requires that we study interactions of the drug substance with the excipients in
the presence of residual solvents, as well as other potential degradation reac-
tions that may occur in the formulated product over a period of time under
various stress conditions (these include conditions they may be subjected to
during storage or shipment in the final package configuration).

The pharmaceutical industry is under increased scrutiny from the govern-
ment and public interest groups to contain costs and yet consistently deliver
to market safe, efficacious products that fulfill unmet medical needs. As part
of the crusade to hold the line on prescription drug prices, the industry
has streamlined its operations with respect to drug discovery, development,
and manufacturing. The drive to bring innovative products to market faster
without negatively impacting quality or safety has caused every company
to challenge all existing processes and to look for ways to increase capac-
ity, shorten time lines, and “do more with less.” Coupled with this initiative
is the migration of companies from functional arrangements to team-based
organizational structures.



PREFACE

Analytical chemistry has played a major role in the changes facing the
pharmaceutical industry today. Traditionally viewed as a service organization,
the analytical department has become a significant partner in the drug develop-
ment process. Indeed, the demand for analytical data has become a critical path
activity for the selection of candidate molecules for full development. Working
under sample-limited conditions and in full compliance of current good manu-
facturing practices (cGMP), pharmaceutical analysts are called on to generate
accurate and precise data—almost on demand. The science and technology uti-
lized today, coupled with the new regulations that are now binding, have made
pharmaceutical analysis much more complicated compared to what it was as
little as ten years ago.

This text fills the need for a handbook that is current with respect to the
philosophy of analytical chemistry support for drug discovery, development,
and post-market support. It is our intention to present the role of analytical
research and development as a part of the overall process. For this reason, the
chapters are organized in more of a process-driven manner rather than pure
function or technique. In all cases, a large number of references are provided
for those readers desiring a more in-depth discussion of a particular subject.

The pharmaceutical analyst plays a major role in assuring identity, safety,
efficacy, purity, and quality of a drug product. Safety and efficacy studies
require that drug substance and drug product meet the established identity
and purity as well as bioavailability/dissolution requirements (Chapter 1). The
need for pharmaceutical analysis is driven largely by regulatory requirements.
This stems from the fact that regulatory considerations loom large when a com-
mercial product does not meet its purported quality. Regulatory requirements
and compliance issues have been discussed thoroughly in this book. Significant
discussion has also been provided regarding the International Conference on
Harmonization (ICH) that has attempted to harmonize the requirements by
regulatory authorities in the United States, Europe, and Japan.

New drug discovery and candidate optimization processes in the phar-
maceutical industry are being extensively carried out these days with
combinatorial chemistry coupled with high-throughout screening (Chapter 2).
Also, lately an increasing degree of attention is being given to the physical
properties of the solids that can compromise a dosage form (Chapter 3). Good
understanding of physicochemical behavior of pharmaceutical solids ensures a
better selection of formulation. The selection process includes identification of
process-related impurities and products and studying degradation mechanisms
at an early stage. This allows adequate time for improvements in the drug sub-
stance synthesis and formulation to prevent the occurrence of these impurities
and degradation products (Chapter 4).

Preformulation studies are conducted to provide data and information
about a drug substance and manufacturing technology prior to initiation of
formulation development and drug product designing activities (Chapter 5).
The pharmaceutical analysis of finished solid oral dosage forms is discussed
in Chapter 6 from the standpoint of what makes this type of delivery form
unique and successful. The development process for parenteral dosage forms
is covered in Chapter 7, with emphasis on the bulk drug substance, excipients,
in-process analysis, and final dosage form analysis.
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Xix

The most common route of administration of drugs is by oral cavity.
Other routes of administration of pharmaceutical products are rectum, nose,
skin, and eye. Drug delivery via intravenous, intramuscular, subcutaneous, and
peritoneal administration requires training, supervision, and skilled person-
nel. New and promising drug-delivery systems have been created and modified
to ensure that drugs are delivered to the appropriate targets of action in the
body for maximum efficacy. Such novel delivery systems pose special analytical
challenges (Chapter 8). The commonly used tests of pharmaceutical analy-
sis generally entail compendial testing; these methods, method development,
setting specifications, and method validation are discussed at length in Chap-
ters 9-12. The legal requirements of stability are aimed at ensuring that the
drug product remains within specifications established to ensure its identity,
strength, quality, and purity. It is necessary to conduct stability studies to pre-
dict, evaluate, and ensure drug product safety (Chapter 13). Successful transfer
of analytical methodology for a new drug product depends heavily on having
the right process; this is discussed at length in Chapter 14.

Pharmaceutical analytical documentation reflects the key functions of ana-
lytical research and development: to monitor and ensure the identity, purity,
stability, and consistency of drug substance and dosage forms used during
preclinical, clinical, and marketing phases in accordance with the governing
regulatory guidance and policies (Chapter 15). These data are almost always
requested during pre-approval inspections (PAls). Analytical data are the foun-
dation and backbone for pharmaceutical development, leading to approval
and production of new drugs for market. Documentation of this data provides
the critical links during the evolution and life cycle of a new pharmaceutical
product—beginning from earliest studies, enabling entry into humans, through
product launch and post-approval changes. New analytical platforms such as
miniaturized chemical analysis systems are very desirable in separation sci-
ence, as they help work with smaller sample size, while gaining high speed and
high-throughput separations without compromising resolution and detection
sensitivity (Chapter 16). Furthermore, they can help reduce the consumption
of various reagents and organic solvents, thus helping to control the cost of dis-
posal and to be environment-friendly. The current state-of-the-art design and
fabrication aspects of microfabricated electrophoresis devices are reviewed, as
well as development of popular detection modes applicable to chip devices.
Potential areas in pharmaceutical analysis are highlighted, based on the suc-
cessful demonstration made with analysis of proteins, peptides, DNA, and
small molecules including chiral separations.

We believe that the valuable information presented by the contributors to
this book will be found useful by those involved in various aspects of phar-
maceutical analysis as they relate to new drug development, production and
control, teaching, or regulation.

Satinder Ahuja
Stephen Scypinski
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Pharmaceutical analysis simply means analysis of a pharmaceutical(s). Web-
ster’s dictionary defines a pharmaceutical as a medicinal drug. It is generally
known that a pharmaceutical is a chemical entity of therapeutic interest. A
more appropriate term for a pharmaceutical is active pharmaceutical ingredi-
ent (API) or active ingredient. In colloquial terms, it is simply referred to as
“active”; the use of this term is not encouraged. Even though the term active
ingredient is more frequently used, the preferred term is active pharmaceutical
ingredient. To distinguish it from the formulated product or drug product, API
is also called drug substance. The drug product is prepared by formulating
a drug substance with inert ingredients (excipients) to prepare a drug prod-
uct that is suitable for administration to patients. So it is the drug product
that is more likely to be administered to a patient as a medicinal drug than a
drug substance by itself. However, it should be recognized that there are sit-
uations where a drug substance can be administered after simple dissolution

Handbook of Modern Pharmaceutical Analysis
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
ISBN 0-12-045555-2/ $35.00 |



2 S. AHUJA

in a solvent such as water. Even in these situations, a suitable pharmaceutical
treatment has to be conducted to assure availability and other safety consider-
ations. The various terms mentioned here for API or formulated drug product
are used interchangeably in this book; however, it is well known that drug
substance and drug product are the preferred terms in regulatory circles.

This book describes what constitutes modern pharmaceutical analysis and
the demands made on pharmaceutical analysts, and shows how these demands
are effectively met. It is well known in the pharmaceutical industry that
pharmaceutical analysts in research and development (R&D) play a very com-
prehensive role in new drug development and follow-up activities to assure that
a new drug product meets the established standards, is stable, and continues to
meet the purported quality throughout its shelf life. After the drug product is
approved by regulatory authorities, assuring that all batches of drug product
are made to the specified standards, utilization of approved ingredients and
production methods becomes the responsibility of pharmaceutical analysts in
the quality control (QC) or quality assurance (QA) department. The methods
are generally developed in an analytical R&D department and transferred to
QC or other departments, as needed. At times, they are transferred to other
divisions located nationally or abroad or to outsourced companies.

By now it should be quite apparent that pharmaceutical analysts play a
major role in assuring the identity, safety, efficacy, and quality of a drug prod-
uct. Safety and efficacy studies require that drug substance and drug product
meet two critical requirements:

e Established identity and purity
e Established bioavailability/dissolution

I. IDENTITY AND PURITY REQUIREMENTS

A pharmaceutical analyst initially interfaces and interacts with various depart-
ments and professionals from several disciplines to provide input that assure
that the new chemical entity (NCE) or new molecular entity (NME) indeed
has the proposed structure and defined requisite purity. This also ensures that
no undesired side effects from various impurities, which may be contaminants,
by-products, interaction products, or degradation products, are encountered.!
The new drug development process can be accelerated by the use of combinato-
rial chemistry and high-throughput screening (Chapter 2). Next, it is important
to assure that the developed drug product meets the essential quality require-
ments and that quality is maintained until the drug is finally administered to
the patient. As a result, a battery of tests must be developed that relate to the
nature of the material being tested and the stage in its development. For exam-
ple, the small quantity of material initially prepared by the discovery scientist
generally has no history: The only information regarding impurities and test-
ing methodology can be deduced from its structure and mode of preparation.
Tests have to be developed based on this limited information. As future batches
are developed, more historical information becomes available. However, it is
not uncommon to change the mode of preparation of the drug substance and
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the drug product to improve the quality or for economic reasons. Hence, the
methodology has to be constantly improved and/or modified to accommodate
these developments. As a matter of fact, phase-appropriate methods should
be developed (Chapter 10). The four phases of clinical drug development are
generally denoted as follows:

Phase 1. Safety in healthy subjects

Phase II. Safety and efficacy in patients

Phase III. Definitive clinical efficacy studies

Phase IV. Post-new drug application (NDA) approval studies

A drug substance can be formulated into various drug products based
on the input of various departments after thorough consideration of the
desired dosage and target site. However, marketing considerations often play
a significant role in the selection process, which frequently raises some new
considerations. The commonly used dosage forms are tablets or capsules that
are administered orally (Chapter 6); at times, injectables are used (Chapter 7).
However, a number of other new dosage forms may be more desirable than
the conventional forms and should be considered (Chapter 8). It is important
that pharmaceutical analysts be well acquainted with new dosage forms and
provide the necessary important input to assure quality and safety of the drug
product to arrive at a final drug product for which an investigational new drug
(IND) application or NDA can be filed with the local regulatory authorities
of a country (e.g., the Food and Drug Administration in the United States) for
a product that will be eventually commercialized. These inputs also have to
be made throughout the drug development process, including development of
materials for toxicologic, pharmacologic, and clinical studies.

This book provides a realistic view of the art and science of modern
pharmaceutical analysis. Pharmaceutical analysis very rarely constitutes only
testing a sample against written directions without vigilant independent obser-
vations. This should not be the case even in the quality control environment,
where it is frequently assumed that testing is done per recipe. If this were the
case, a lot of problems would go unnoticed because batch-to-batch variations
can be encountered even under the best production environment. In analyti-
cal research and development, flexibility, vigilance, and creativity is the name
of the game. The emphasis must be on finding the optimal methodology that
monitors all known and unknown impurities. This is a daunting task because
unknown impurities have to be theorized based on the best knowledge of reac-
tion and degradation chemistry, combined with sound knowledge of physical
organic chemistry to theorize potential reactions and interactions of molecules
that could be involved in the material (drug substance, pharmaceutical aids,
and solvents used for the preparation of the drug product). Furthermore, the
changes that could occur during storage in various containers or packages and
the effect of a variety of storage environments must be considered. Beyond
that, any changes in process and ingredients have to be continually monitored
to assure the quality and the safety of the drug product. There is a very impor-
tant need to document observations so that their importance is reflected in
various written reports (Chapter 15). Methodologies and specifications that
evolve out of considerations of quality, historical information, and regulatory
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considerations are documented and validated to assure that the methodologies
are rugged and robust, so that they can be reproduced day to day within the
same laboratory or in other laboratories. It is also very important to assure
that the product has the desired bioavailability.

Il. BIOAVAILABILITY/DISSOLUTION REQUIREMENTS

The therapeutic dosage of a drug product should be fully available when it
is administered to patients. The crystal form of a drug substance and the for-
mulation can influence bioavailability (Chapter 3). To assure bioavailability of
commercially produced batches of a drug product, it is important to develop
an in vitro dissolution test, which is equivalent to the in vivo test for bioavail-
ability. It should be clear that such a test would be ideal for monitoring drug
product and batch-to-batch variability. Disintegration, dissolution, and drug-
release tests are in vitro tests included in the United States Pharmacopoeia
(USP). These tests are designed to monitor availability whenever it can be
achieved for the purpose of routine quality control or, at minimum, to mon-
itor batch-to-batch variabilities. The dissolution test has been applied quite
successfully as a QC test to assure consistency of manufacture. These tests
are often labor-intensive and, therefore, represent the greatest opportunity for
modernization and automation (Chapter 6).

The importance of dissolution testing to the pharmaceutical industry is
reflected by the fact that the USP lists at least seven different laboratory appa-
ratuses for the determination of in vitro release rates of drugs from their
pharmaceutical dosage forms. USP apparatuses 1 (baskets) and 2 (paddles)
have dominated the applications for solid oral dosage forms, but recently there
has been an increase in the use of apparatus 4 (flow-through cell). Although
general guidelines exist with regard to the dissolution media, volume, stirring
rate, and temperature to be used with each type of apparatus, the choice of
conditions should be based entirely on the ability to detect product variation,
stability changes, polymorphic changes, and correlation with in vivo results in
situations where these studies are performed.

These initiatives were the subject of many recent workshops attended by
worldwide representatives from industry, academia, and regulatory agencies.
Although the establishment of a good in vitro—in vivo correlation can be a
significant undertaking on the part of the analytical, pharmaceutics, and bio-
pharmaceutics departments, it can provide a great advantage to the sponsor
company. In situations that involve formulation, process, equipment, and site
of manufacture changes, expensive and time-consuming bioequivalence studies
may be waived in lieu of equivalent dissolution results that use the established
in vitro—in vivo correlation method.

Ill. REGULATORY CONSIDERATIONS

In an ideal world, the need for analysis should be driven by the desire to assure
the quality of a drug product. However, in the real world the need for phar-
maceutical analysis is driven largely by regulatory requirements. This stems
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from the fact that regulatory considerations loom large when a commercial
product does not meet its purported quality. A close examination of new drug
product development reveals that quality cannot be tested into the product; it
has to be built into it. This means that a great deal of consideration has to
go in from the very start, when the NCE is developed to assure that it has
the proposed structure, crystal form (if more than one crystal form is encoun-
tered, it is important to indicate which crystal form will be used in the drug
product), and stereochemical structure. Additionally, it is critical that it meet
high quality standards necessary for a product that is to be administered to
humans.

The FDA perspective is summarized in the following list to give the reader
a bird’s-eye view of what is likely to be required by various regulatory agencies
for the stereochemistry of NCEs that have one or more chiral centers.?

e All chiral centers should be identified.

e The enantiomeric ratio should be defined for any admixture other than
50:50.

Proof of structure should consider stereochemistry.

Enantiomers may be considered impurities.

Absolute configuration is desirable for an optically pure drug.
Marketing an optical isomer requires a new NDA.

An IND is required for clinical testing.

Justification of the racemate or any of the optically active forms must be
made with the appropriate data.

e Pharmacokinetic behavior of the enantiomers should be investigated.

The requirements based on the International Conference on Harmoniza-
tion guidelines are discussed in Section V. Many of the requirements that
are now specified by regulatory authorities are nothing but a common-sense
approach to assure that testing is performed at appropriate stages where
the process changes can influence quality. Of necessity, the methods devel-
oped have to be sufficiently selective and sensitive to monitor the known and
unknown impurities, have to be written in a format such that they can be
reproduced by others, and have to be robust and rugged so that they can be
reproduced over a period of time and from laboratory to laboratory. Another
way to say this is that the methods should be validated. The fact that these are
common-sense requirements is also obvious from the terminology used, such
as good manufacturing practices (GMP) or good laboratory practice (GLP). It
must be recognized that GLP was first introduced to control tests performed
for biological studies.

The FDA has the assigned responsibility of ensuring the safety and efficacy
of drugs. This requires that an IND be filed with the FDA prior to initiation of
any clinical studies. An NDA has to be filed and approved before a drug can
be commercialized. Information on the chemistry, manufacturing, and control
(CMC) has to be filed in the IND as per 21 CFR 312.23(a) for a drug sub-
stance and drug product.3 A complete list of documents required for new drug
development during pre-IND studies (Phase 0) and various phases of IND as
well as NDA are given in Table 1 of Chapter 15. The following important
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information has to be generated and filed with the regulatory authorities in the
United States:

Drug Substance

Specifications and test methods for drug substance, drug product, and
placebo
Rationale for IND specifications
Method validations
Batch profile for toxicologic and clinical batches
Characterization of reference standard for purity, impurity, and
physicochemical properties related to bioavailability
Physicochemical properties of drug substance, including rationale for
selection of polymorphic and salt form, if applicable
Stability data

Stress study data for drug substance

Data from accelerated and long-term studies
Certificate of analysis for drug substance and drug product to be used in
the clinic

Drug Product

Components and quantitative composition
Excipients
Solvents, if any
Manufacturer
Name and address
Manufacturing and packaging
Manufacturing procedure
Container description/specification
Specification and analytical methods
Quality standards/batch analyses
Excipient controls
Quality standards/batch analyses
Compendial certification
Additional controls, if any
Stability
Stability report

It is important to keep current with regulations. Generally this informa-
tion can be obtained from the FDA Web site, www.fda.gov. Furthermore, it is
important to remember that the requirements for pharmaceutical analysis are
controlled by the current good manufacturing practices (¢cGMP). The produc-
tion of a drug product is also controlled by cGMP and covers the following
elements:



I MODERN PHARMACEUTICAL ANALYSIS: AN OVERVIEW 7

Organization and personnel

Building and facilities

Equipment

Control of components, drug product containers, and closures
Production and process controls

Packaging and labeling controls

Handling and distribution

Laboratory controls

Records and reports

It should be recognized that setting limits on impurities in drug substances
is an evolutionary process, beginning before an IND is filed and continuing
until well after the approval of an NDA. Therefore, it may be appropriate to
address different stages in drug development as separate issues. There are a
number of points in the drug development process where setting limits may be
significantly different:

Initial IND filing

NDA filing

After NDA approval

Abbreviated new drug application (ANDA) filing

The filing of an ANDA is another activity in which limits are set on
impurities. It is important to ensure that analytical methods used to evalu-
ate impurities in drug substances are suitable for the intended purpose at each
stage in development.

It should be noted that the regulatory authority in each country still has the
major say in the requirements within its territorial control even though the US
FDA seems to exercise a significant influence on the regulatory requirements
of other countries. Finally, it may be instructive to review the top reasons for
product recalls based on a report from the FDA Center for Drug Evaluation
and Research Office of Compliance:

Fails dissolution test

Has label mix-up

Deviates from ¢cGMP standards

Is a subpotent single-ingredient drug

Expiration date not supported by stability data

Lacks stability

Is a superpotent single-ingredient drug

Fails content uniformity

Marketed without NDA/ANDA approval

Exhibits microbial contamination of nonsterile products

Where deemed appropriate, the regulatory requirements and necessary
documentation that must be filed with the IND and the NDA are further
discussed in some detail in various chapters in this book.
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IV. REGULATORY COMPLIANCE

A good foundation for regulatory compliance begins with well thought-out
and established quality and compliance systems and practices within an orga-
nization. A team consisting of R&D, QC, and QA unit members develops these
systems. It should be one of the highest priorities of top management and QA
units to develop and monitor these systems to comply with the cGMP and GLP
expectations.

Compliance documents are needed, in addition to the regulatory and
research documents, to demonstrate the integrity of the data. Compliance
documents refer to those reports required by GMP and/or utilized during the
course of inspection by a health authority (Chapter 15).

Both general inspections and product-specific preapproval inspections
focus on documents related to the quality systems and the product-specific
controls and integrity of the analytical data. The main difference between
the two types of inspections is the emphasis. General GMP inspections begin
with an audit of the underlying compliance systems and standard operating
procedures (SOPs), evaluating selected product-specific data as representative
of compliance with those systems. The initial concern of the investigations is
product-specific data and evaluation of some aspects of the compliance systems
to gauge overall compliance with GMP.

Technology transfer documents (Chapters 14 and 15) are some of the most
carefully reviewed documents during an inspection. Responsibilities for ana-
lytical support of a new drug are often transferred to other sites or other
departments. Typically, there is at least one transfer between the analytical
R&D group at the development site(s) and the QC unit at the launch site(s).
Other technology transfers may arise because of the firm’s functional organi-
zation or changes in supply strategy. The development history and knowledge
must accompany the transfer of responsibilities.

It is extremely beneficial to have a comprehensive analytical development
report that provides the scope of each analytical method, chronology, rationale
for changes, and equivalency or superiority of the optimized methods. Usually,
the analytical development report for each method, along with the validation
report, facilitates the technology transfer process.

Compliance members, with the help of analytical members of the
preapproval audit inspection team, audit the following product-specific
documents:

e CMC NDA documentation and supporting data prior to filing, to ensure
that all data and reports to be submitted in the NDA are accurate and
complete

e Lab notebooks and certificates of analysis for reference standards,
clinical and registration batches, etc.

e Updated stability reports

e Analytical methods validation and technology transfer reports for drug
substance and drug product

e Specifications and analytical validation (including raw materials,
packaging components)
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e Available analytical data
e Laboratory investigations and investigation reports
e Cleaning validation

A product-specific checklist should be prepared to assist in preparation for
a preapproval inspection.

V. INTERNATIONAL CONFERENCE ON HARMONIZATION

Significant discussion has been provided from the International Conference
on Harmonization (ICH), which attempted to harmonize the requirements of
regulatory authorities in the United States, Europe, and Japan (Chapters 6, 9,
11, and 15).

The ICH guidelines address the following important issues:

Stability testing

Analytical method validation

Impurity testing

Pharmacopoeial harmonization

Quality of biotechnological and biological products

Specifications: test procedures and acceptance criteria for new drug
substances and new drug products

The last two topics are discussed in Chapter 11. The guidelines introduce
the following universal tests (the tests that generally would be applied without
exception):

Description
Identification
Assay
Impurities

Chiral impurities present a particularly difficult problem; however, the
specification guidelines require the following conditions:

e For a single isomer, the other isomer is considered to be an impurity.

e An enantioselective determination should be part of the specifications.

e The identity test should be capable of distinguishing between a single
enantiomer and its opposite enantiomer.

e Control of the other isomer is necessary if it is a degradation product.

Further information on ICH can be found at the International Federation
of Pharmaceutical Manufacturers Association Web site, www.ifpma.org.

VI. GLOBAL CMC NDA

Efforts are currently under way within ICH to develop a common technical
document (CTD) that will harmonize the CMC regulatory requirements for
global development and marketing. Although some progress has been made
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with respect to a harmonized table of contents, much remains to be done to
harmonize the format and contents of the global NDA. Until more common
areas are developed within the CTD, some assistance/recommendations are
provided by the existing ICH quality guidelines.

Preparation of the CMC sections according to European Union (EU) and
US guidelines results in two formally different NDAs. The contents for the
CMC sections of the EU and US NDAs are very much the same. However, the
sequence and titles of the sections are quite different. Because of the similar-
ity in content, a modular approach may be used to create a global NDA. The
CMC section for a global NDA will consist of a complete set of modules, where
each module is global in its content, that is, each module contains the infor-
mation required in both regions. Some additional country-specific documents
(e.g., application summary, environmental assessment and method validation
package for US, and expert reports for EU) still need to be prepared, but many
of the other technical reports may be suitable for both dossiers by simply
changing their order. The final EU or US NDA will consist of a specific arrange-
ment of the modules with the appropriate (country-specific) headings. This
modular approach reduces the redundancy and effort in preparing documents.

VIl. HIGHLIGHTS OF MODERN PHARMACEUTICAL ANALYSIS

In addition to the number of activities already discussed, modern pharma-
ceutical analysis entails the following activities that are highlighted in this

book:

Discovery of NCE and high-throughput screening
Solid-state analysis of drug substances
Degradation and impurity analysis of drug substances
Preformulation analysis

Analysis of solid oral dosage forms

Analysis of injectable dosage forms

Development of new dosage forms

Compendial testing

Method development

Setting specifications

Method validation

Stability studies

Analytical methodology transfer

Documentation and inspections

Innovative analytical platforms

A. Discovery of NCE and High-Throughput Screening

Our present state of knowledge requires that a large number of molecules
be prepared and tested before a successful potential candidate can be iden-
tified. This makes the drug discovery process very complex and cumbersome.
It is worthwhile to remember that an ideal potential drug candidate should
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be well absorbed orally, sufficiently metabolically stable to induce the desired
pharmacologic effects, nontoxic; and cause minimal or no adverse effects,
distribute selectively to target tissue(s), and have a reasonably long half-life
(Chapter 2). A large number of compounds (around 80%) fail in an IND stage,
and the success rate is around 1% for compounds that pass from drug discov-
ery to approved NDA. As a result, the cost of development of a new drug
has been estimated to be 300 million to 500 million US dollars. Combina-
torial chemistry allows production of a large number of related compounds.
Recent innovations in combinatorial chemistry have enabled the synthesis of
large collections of libraries, which have led to current efforts to develop
methods capable of screening these compounds. Combinatorial chemistry cou-
pled with high-throughput screening (HTS) and computational methods has
been integrated into the lead discovery and optimization process throughout
the pharmaceutical industry. Assay miniaturization has allowed assay screen-
ing throughput to dramatically increase in recent years. Miniaturization has
resulted in a reduction in cost per analysis in terms of manpower, less time
to complete the screening cycle, and reduced requirements for compound
and assay reagents. With HTS to help identify more and more leads, efforts
will have to focus on relieving downstream bottlenecks in drug adsorption,
metabolism, and toxicology. Consideration of druglike properties present in
the library members during library design is one of the initial steps that can
be taken to enhance the quality of leads identified from HTS. As computa-
tional and experimental procedures for absorption, distribution, metabolism,
and excretion/toxicology improve, the identification of problematic leads ear-
lier in the drug discovery process is possible. The powerful combination of
innovations in chemical synthesis and library design, coupled with screening
and bioinformatics technology can greatly help to decrease drug development
times and costs.

B. Solid-State Studies on Drug Substances

The most commonly used method of administration for the majority of
pharmaceutically active agents is as solid dosage forms, and these units are
ordinarily produced by the formulation and processing of powdered solids.
Until recently, the priority of regulatory bodies had always been to focus on
concerns of safety and efficacy, which led to the required emphasis on aspects
of chemical purity (Chapter 3). This situation has changed dramatically over
the past decade, with an ever-increasing degree of attention being given to the
physical properties of the solids that can compromise a dosage form. Ignoring
the physical aspects of a formulation can be disastrous because a variety of
solid-state reactions can compromise the stability of a drug entity in its tablet
matrix. Often the pathway of these reactions can be dramatically different
when one observes how the same reaction proceeds in the liquid or gaseous
phase.

The acquisition of fairly detailed physical information can allow for-
mulators to prepare themselves to cope with unanticipated crises. For a
well-understood system, it is theoretically possible to design an automated
or semiautomated manufacturing scheme for which the processing variables
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can be appropriately controlled and thus the possibility of batch failure can
be minimized. Materials that pass the hurdles of physical test specifications
would be predictable in their performance and could therefore be blended,
granulated, dried, compressed, and delivered into containers without oper-
ator intervention. It is presently recognized that to avoid problems during
drug development, the physical characterization of bulk drugs, excipients, and
blends of these should become part of the normal process. The degree of
physical testing would necessarily vary with the particular formulation.

A systematic approach to the physical characterization of pharmaceutical
solids can be outlined and serve as a useful pedagogical device for the classifi-
cation of the many available methods of physical characterization. Within this
system, physical properties are classified as being associated with the molecular
level (associated with individual molecules), the particulate level (pertaining to
individual solid particles), or the bulk level (associated with an assembly of
particulate species).

C. Degradation and Impurity Analysis of Drug Substances
The United States Pharmacopoeia deals with impurities under several sections:

e Impurities in Official Articles
e Ordinary Impurities
e Organic Volatile Impurities

The following terms are used to describe impurities:

Foreign substances

Toxic impurities
Concomitant components
Signal impurities

Ordinary impurities
Organic volatile impurities

Impurities in a pharmaceutical compound or an NCE originate mainly
during the synthesis process from raw materials, solvents, intermediates, and
by-products.! The raw materials are generally manufactured to much lower
purity requirements than a drug substance. Hence, it is easy to understand
why they would contain a number of components that, in turn, could affect
the purity of the drug substance. Similarly, solvents used in the synthesis are
likely to contain a number of impurities that may range from trace levels to
significant amounts that can react with various chemicals used in the syn-
thesis to produce other impurities. Intermediates are also not generally held
to the purity level of the drug substance—hence the remarks made for the
raw materials apply. By-products are frequently unknown and are very rarely
controlled. So they, too, are a source of concern in terms of monitoring impu-
rities. The “pot reactions,” that is, when the intermediates are not isolated,
are convenient, economical, and timesaving; however, they raise havoc in
terms of the generation of impurities because a number of reactions can occur
simultaneously.
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Identification of process-related impurities and products can provide an
understanding with regard to the production of impurities, and it allows stud-
ies on degradation mechanisms. If the identification process is performed at
an early stage of development, there is adequate time for improvements in the
drug substance process and formulation to prevent the occurrence of these
impurities and degradants. Impurity and degradant structure elucidation is
a collaborative effort that involves analytical chemists (which include mass
spectroscopists and nuclear magnetic resonance experts), process chemists,
and/or formulators. The process uses a designed approach for impurity and/or
degradant identification that focuses on efficiency, so the success of data col-
lection is maximized. There are a number of activities other than collecting
experimental data, even though the experiments are central to the process. The
process used for determination of residual solvents in drugs, purposeful degra-
dation studies, isolation and identification of impurities and degradants, and
insights into the effectiveness and efficiency of a team approach are described
in detail in Chapter 4.

D. Preformulation Studies

The primary objective of a preformulation study is to provide data and infor-
mation with regard to a drug substance and manufacturing technology prior
to initiating plans for formulation development activities and product design
for a drug product. Preformulation studies culminate with the preparation of a
report based on these studies that assists the formulators in their development
efforts. With the data and information thus provided, the finished product
can be developed based on sound principles and technical practices, with
due consideration of analytical profiles, chemical/physical properties, QA/QC
practice, modern manufacturing procedures, stability, and biopharmaceutical
properties.

The cycle of pharmaceutical development with various stages and mile-
stones, such as discovery, IND, NDA, and market introduction, is discussed in
Chapter 5. How the preformulation fits into the total development activities
and how the contents of the preformulation reports need to be more com-
prehensive in comparison with the conventional definition in preformulation
are demonstrated. Health-care and pharmaceutical products, such as prescrip-
tion drugs, generic drugs, over-the-counter products, animal health products,
dietary supplements (vitamins and herbal drugs), and biotechnology-derived
products, are discussed in detail. Models for some of the reports are provided
to assist the pharmaceutical development team to devise its own report format
based on their particular needs and resources. Analytical techniques that are
useful for preformulation and regulatory conformity or requirements relative
to the product registration process are also enumerated.

E. Solid Oral Dosage Forms

The pharmaceutical analysis of finished solid oral dosage forms is discussed in
Chapter 6 from the standpoint of what makes this type of delivery form unique
and successful (i.e., the physical properties and the state of the drug substance
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in the matrix). During product development, many analytical techniques can
be brought to bear, providing a characterization of the product and guiding the
pathway to an optimum formula. In many cases, these techniques can be used
to assess the effects of processing parameters and provide a means to predict
the performance and stability of the final product.

To facilitate the development of immediate-, controlled-, and extended-
release products and other types of solid dosage forms, noninvasive and
nondestructive in situ techniques provide insight into the physical nature
and microhomogeneity of the dosage form. These techniques include
light microscopy, polarized light microscopy, scanning electron microscopy,
transmission microscopy, Fourier transform infrared microspectroscopy,
nuclear magnetic resonance imaging, near-infrared (NIR) analysis, Raman
spectroscopy, thermal techniques, mass spectrometry, and other imaging
techniques. A short discussion is also provided on new high-throughput appli-
cations of methodologies. Examples include fiber-optic dissolution technology,
flow injection analysis, NIR analysis, and robotics. These techniques provide
data with less analyst involvement and allow a more thorough batch quality
assessment.

F. Parenteral Dosage Forms

The parenteral dosage form constitutes those dosage forms that are adminis-
tered to patients via injection. They can comprise a powder that is solubilized
at the time of administration or a solution or other suitable injectable dosage
form that can provide faster action than the solid dosage forms such as capsules
and tablets. The development process for parenteral dosage forms is discussed
in Chapter 7, with emphasis on the bulk drug substance, excipients, in-process
analysis, and final dosage form analysis.

Chemical analysis of parenteral products is predominantly accomplished
via use of high-pressure liquid chromatography (HPLC). As with other dosage
forms, the methods have to be validated to assure that they are suitable for
injectables. The analytical techniques that are unique to or require some mod-
ifications to be applicable to parenteral dosage products are discussed. The
potential as well as actual applications of NIR spectroscopy are also dis-
cussed. The most unusual tests that have to be carried out for parenterals
are the microbiological tests, which are covered by examining in depth the
sterility test, bacterial endotoxin test, and particulate matter test. The micro-
biological discussion has been provided to lead to better understanding of
microbiological testing. Cleaning validation—an increasingly critical aspect of
pharmaceutical analysis—is presented in detail, with practical examples and
all the necessary calculations.

G. Developing New Dosage Forms

A variety of dosage forms provide the most convenient and cost-effective
ways to treat diseases. The usefulness of these forms is enhanced by the fact
that taking medications is a process easily accomplished by patients, without
intensive supervision from physicians and pharmacists. This relative ease of
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administration has to be credited to the enormous time and efforts spent by
pharmaceutical scientists to formulate and analyze the resulting products to
assure the safety and quality of the medication (Chapter 8).

In addition to ensuring that the medication is efficacious and free of seri-
ous side effects, drug delivery constitutes one of the major efforts in the drug
development process. Pharmaceutical scientists have to consider the best route
of administration, the target site of action, and the formulation, stability, and
bioavailability of the drug. The most obvious route of administration of drugs
is through the oral cavity, or in some cases through the rectum into the gas-
trointestinal tract. Other routes of administration that patients can handle
easily are the nose, skin, and eye. Drug delivery via intravenous, intramuscu-
lar, subcutaneous, and peritoneal administration requires training, supervision,
and, possibly, skilled personnel.

New and promising drug-delivery systems have been created and modi-
fied to ensure that drugs are delivered to the appropriate targets of action in
the body, without major complications. For example, the remote drug-delivery
capsule is an interesting concept in oral drug delivery with a nondisintegrating
remote control device that has a volume less than 1 ml. The device releases the
drug at the intended site, which can be the stomach, early small bowel, dis-
tal small bowel, or colon. Other interesting approaches for drug delivery for
treatment of gastric ulcers and Crohn’s disease have been developed.

Solid tumors display a reductive environment because of hypoxia and
the overproduction of bioreductive enzymes. To take advantage of the char-
acteristics of the environment provided by solid tumors, a bioreductive, or
tumor-targeted, system has been designed. Aptamers may play an important
role in the treatment of patients with cancer. They are oligonucleotides that
possess a high affinity for protein targets. An aptamer prepared by solid-state
synthesis has been found to bind with high affinity and specificity to the target
protein.

Hormones, proteins, and small peptides are not suitable for oral admin-
istration without complex modifications in the formulation. A variety of
approaches for insulin delivery, as a model drug, have been attempted to
improve on its bioavailability. Advances have been realized in the delivery
of insulin through oral, nasal, rectal, dermatologic, and ocular routes. Pro-
teins can also be delivered transdermally, using a lipid-based, biphasic delivery
system in therapeutic quantity.

H. Compendial Testing

To assure drug quality, various countries have published texts commonly called
compendia or pharmacopoeias that list official test methods as well as speci-
fications for commonly used drug products. Three notable examples of such
compendia are the United States Pharmacopoeia (USP), the European Phar-
macopoeia, and the Japanese Pharmacopoeia. Compendial methods should
be implemented as written except where scientifically justified changes are
necessary. Although considerable efforts are ongoing to standardize pharma-
copoeias, differences may exist between the USP and other pharmacopoeias.
In these instances, testing should be done in accordance with the procedures
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described in the pharmacopoeia that governs the country or region for which
the product is intended. The USP is used as an important guide by a num-
ber of countries. It is also the most commonly used document by QC and
QA departments in the United States (Chapter 9). The QA function is criti-
cal to assure that effective, safe products are released to the marketplace. The
QC analytical laboratory is the final step in a long line of processes where
many individuals from diverse departments take part to ensure the safety, effi-
cacy, and quality of drug products. Producing quality products requires not
only a good testing laboratory, but an organization that is empowered to iden-
tify problems and develop innovative solutions. Analytical testing is one of
the more interesting ways for scientists to take part in the quality process by
providing actual data on the identity, content, and purity of drug products. A
variety of analytical techniques are used that range from a very simple test such
as size testing to complex chromatographic separations. Prior to the ICH, each
country had its own testing requirements. For example, for carbamazepine,
depending upon a given pharmacopoeia, up to four tests for identification
alone could be required. There are at least six different identification tests in
various leading pharmacopoeias. New methods are now being developed with
a great deal of consideration to worldwide harmonization. As a result, new
products can be assured to have comparable quality and they can be brought
to international markets faster.

|. Method Development

Numerous methods are required to characterize drug substances and drug
products (Chapter 10). Specifications may include description; identification;
assay (of composite sample); tests for organic synthetic process impurities,
inorganic impurities, degradation products, residual solvents, and container
extractables; tests of various physicochemical properties, chiral purity, water
content, content uniformity, and antioxidant and antimicrobial preservative
content; microbial tests; dissolution/disintegration tests; hardness/friability
tests; and tests for particle size and polymorphic form. Some of these tests may
be precluded, or additional tests may be added as dictated by the chemistry of
the pharmaceutical or the dosage form.

Due to the variability in specific tests required to fully characterize a phar-
maceutical, it is difficult to provide a comprehensive discussion to address all
aspects of pharmaceutical development. However, the requisite tests can be
broadly subdivided into three main categories:

e Tests concerned with solid-state characterization

e Compendial tests

e Quantitative tests to characterize drug substance and drug product
composition

Characterization in the solid-state and compendial methods has been dis-
cussed already. Quantitative tests to characterize drug substance and drug
product composition require that significant consideration be given to method
development. Methods such as thin layer chromatography, gas chromatogra-
phy, HPLC, supercritical fluid chromatography, and capillary electrophoresis
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are used for pharmaceutical analysis. Detailed discussion is provided in this
book on HPLC methods, a technique most commonly used for pharmaceutical
analysis. As mentioned before, phase-appropriate HPLC method development
must be given serious consideration during method development. Notable
examples of method development for a number of drugs (small as well as
large molecules) are discussed to provide the reader with the scope of method
development in pharmaceutical analysis. In addition, automated methods
and hyphenated methods, such as liquid chromatography—-mass spectrome-
try (LC/MS), liquid chromatography—tandem mass spectrometry (LC/MS/MS),
and liquid chromatography—nuclear magnetic resonance (LC/NMR) are also
discussed.

J. Setting Specifications

Setting appropriate specifications is an important requirement in the over-
all goal of ensuring that safe and effective products are consistently made
available to patients (Chapter 11). The development of final specifications
is an evolving process based on a continuous collection of data throughout
research and development, from the first drug synthesis to commercial batch
manufacture. The various stages of setting specifications are as follows:

e Preclinical studies

e IND (initial studies)

e Phase II and III studies
¢ NDA

Specifications evolve during this process to the point at which, in a mar-
keting approval application, a formal specification can be set that encompasses
all that has been learned about the drug substance and its formulations during
development.

From the regulatory perspective, ICH has created a strong process for pro-
viding valuable guidelines to aid a manufacturer to set consistent specifications
that will be accepted by regulatory agencies in the three major pharmaceutical
marketplaces—the United States, Europe, and Japan. ICH guidelines include:

Scope

General concepts
Justification

Universal tests and criteria
e Specific tests and criteria

Test procedures and acceptance criteria for biotechnological/biological
products also have been provided, and other ICH quality guidelines relevant
to setting specifications have been included. These guidelines relate to stabil-
ity testing, method validation, impurities, and pharmacopoeial harmonization.
Statistical considerations in specifications are also covered in some detail. In
short, specifications must be set after due consideration of manufacturing
variability, analytical variability, and sampling techniques. It is important to
remember that specifications are just one part of an overall manufacturing
philosophy that must include appropriate product design, development and
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manufacturing systems and controls, and good manufacturing practices, with
personnel that are experienced and well versed in good production processes
and techniques.

K. Method Validation

The primary objective of method validation is to provide a high degree of
assurance that the specified method consistently provides accurate test results
that evaluate a product against its defined specification and quality attributes
(Chapter 12). The regulations require that validation data be available to
establish that the analytical procedures used in testing meet proper standards
of accuracy and reliability. All analytical procedures require some form of
validation, regardless of whether the method is used for stability, in-process
analysis, release, or acceptance. Most of the discussions focus on the validation
of HPLC methods using assay and purity determinations; nevertheless, funda-
mentals of the approach can be applied to most method validation activities.

Many analytical test methods are expected to ultimately be used in a QC
environment; these require an additional degree of refinement compared to
research methods. Methods for multilaboratory use are also required to be
robust. It must be remembered that the validation process requires quality
method development. Whereas validation can be a time-consuming process,
methods should not enter the validation phase unless they are fully developed.
The following observations can be made about the relationship of validation
and method development:

e When methods are properly developed, they can be readily validated.

e Validation does not make a method better or more efficient.

e A validated method does not necessarily imply that it meets all criteria
of a properly developed method.

e Validation acceptance criteria should be based on method development
experience.

Method development scientists should not start the validation process
unless they are confident of success. The validation process is “confirmation”
that the method is suited for its intended purpose; there should be very few
“surprises” in validation results, because prevalidation evaluation data should
suggest that the method will validate successfully. Method validation is also
a “holistic” process that requires suitable instrumentation and competence in
laboratory techniques to insure success.

Although the requirements of validation have been documented clearly by
regulatory authorities, the approach to validation is varied and open to inter-
pretation. The approach listed here focuses on ICH guidelines. Also, because
validation requirements differ during the development process of pharmaceu-
ticals, the requirements for later phases in development and for methods used
to evaluate marketed products cannot be overemphasized.

Prior to beginning validation, controls should exist to insure that the
method has been developed properly and is capable of the objectives outlined
prior to starting the method development endeavor. Validation is considered
a GMP activity. Therefore, validation activities must be documented properly
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and performed on qualified and calibrated instrumentation and equipment. At
this stage, there should be documented evidence that the method is robust.
Validation does not necessarily certify a method as “good,” robust, or
suitable for a control environment; these assessments must be established in
the method during development. It is, however, a necessary and important step
in both proving and documenting the capabilities of the method.
Governmental agencies require accurate information and data recorded
both in regulatory filings and in day-to-day operations of pharmaceutical
manufacture. From a pharmaceutical laboratory perspective, analysts need to
insure the accuracy and reliability of the data generated by their test methods.

L. Stability Studies

It is necessary to conduct stability studies to predict, evaluate, and ensure drug
product safety.* The legal requirements of stability are aimed at ensuring that
the drug product remains within the specifications established to ensure its
identity, strength, quality, and purity. Stability is interpreted as the length of
time under specific conditions and storage that a product will remain within
the predefined limits for all of its important characteristics. It is important to
remember that stability is fundamental to all of the product’s characteristics,
including safety and efficacy.

Operating a dynamic, compliant stability program requires more than
just knowing and adhering to the various regulatory requirements (Chap-
ter 13). It also requires management of the stability samples, the environmental
chambers, and all of the associated documentation. Standard operating pro-
cedures and processes for protocol deviations and for out-of-specification
investigations are also key elements of a compliant stability program.

Test attributes; procedures and acceptance criteria; selection of batches;
testing frequency; storage containers, conditions, and period, as well as
data evaluation are discussed in great detail. Data evaluation considers
out-of-specification results. Documentation covers protocols and protocol
amendments, deviation reports, out-of-specification reports, test results and
raw data, and stability reports.

In short, it is important to manage both the operational elements and the
regulatory compliance issues to insure a successful inspection by any regulatory
agency. The FDA, World Health Organization, and ICH guidelines related to
stability are discussed in detail.

M. Analytical Methodology Transfer

The transfer of analytical methodology allows for a successful transfer of tech-
nology development for a new drug product. As mentioned previously, it is a
very important document, even though on the surface it may appear to be a
relatively simple operation (Chapter 14). The important elements of analytical
technology transfer are the following:

e Preapproved test plan/SOP/protocol
e Description of methods/test procedures
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Description of test requirements
Rationale for test requirements
Acceptance criteria
Documentation of results

The importance of analytical transfer was recently underscored by the
Analytical Research and Development Steering Committee of the Pharma-
ceutical Research and Manufacturers Association (PhRMA) at their annual
workshop. At this meeting, representatives from PhRMA member companies
met with facilitators to draft an “acceptable analytical practice” (AAP) that
will function as a suitable template for successful method transfer. Both facets
of technology transfer have been discussed in this book.

Analytical method transfer verifies that a method or test procedure works
in an equivalent fashion at two or more different sites or laboratories and meets
all acceptance criteria. This process is driven by compliance and governed by
a statistical treatment of the resulting data. Method transfer entails introduc-
tion of a validated method into a designated laboratory so that it can be used
as it was originally intended. The second portion of the technology transfer
process concerns the transfer of technical “ownership” from one laboratory to
another. This latter type of transfer is usually associated with the movement
of drug development projects from R&D to operations. In many case studies
that involve technical transfer, the process of ensuring that the receiving lab-
oratory is sufficiently familiar with all scientific aspects of the project is not
carried through to fruition. Indeed, rapid and complete transfers are crucial
to the success of process validation experiments for pharmaceutical dosage
forms.

Pharmaceutical analysts working in R&D develop and refine the methods
that eventually will be utilized to test the identity, quality, purity, potency, and
composition of marketed products. It is not unusual for analytical methods to
undergo multiple iterations during the development life cycle of a pharmaceu-
tical product. Method alterations are the result of changes to any number of
product parameters, including, but not limited to, API synthesis, formulation
composition, and dosage form manufacturing processes. Although it is impor-
tant to keep the needs of the QA unit in mind when refining the methods for
which they eventually will have technical ownership, a great many QA units
do not become intimately involved with such changes. At the conclusion of
development, when methods become “locked,” it is becoming more common
to ask the QA unit for input and comment on the proposed method package
prior to final validation. Such a method “test-drive” can avoid problems with
the formal transfer that takes place later. This process allows the QA unit to
make comments and suggestions to their R&D colleagues prior to the final
validation of the method. In this fashion, the frequent “throw the method over
the fence” syndrome is avoided.

Assuming the clinical development plan proceeds smoothly, the formal
transfer of analytical methods takes place during the latter part of clinical
phase III. At this point, the requirements for analytical technical transfer are
outlined between R&D and operations, and are suitably executed. After suc-
cessfully meeting appropriate acceptance criteria, the receiving laboratory is



I MODERN PHARMACEUTICAL ANALYSIS: AN OVERVIEW 21

now considered to be “qualified” and able to generate “reportable” data as
defined by ¢cGMPs. In most companies, further transfers that take place after
the approval of a product are driven and administered by the QA unit. Such
transfers might include those to a contract research organization or multiple
manufacturing and testing sites. Due to time constraints, an R&D organization
may sometimes transfer to multiple sites simultaneously.

N. Documentation and Inspection

Pharmaceutical analytical documentation must accomplish the key mission
of analytical research and development (Chapter 15): monitor and ensure
the identity, purity, stability, and consistency of drug substances and dosage
forms used during preclinical, clinical, and marketing phases in accord with
governing regulatory guidance and policies. Analytical data are the foun-
dation and backbone for pharmaceutical development, leading to approval
and production of new drugs for market. Analytical documentation provides
critical links during the evolution and life cycle of a new pharmaceutical
product—Dbeginning from earliest studies, enabling entry into humans, through
product launch and postapproval changes. Prior to marketing approval,
analytical R&D personnel support product development and optimization
activities. Following approval, QC personnel provide the data to assure
consistent quality and stability for the marketed product and to support
the inevitable changes that occur in every product’s life cycle. Scientifically
sound and compliant documents ensure the quality and timeliness of product
development and the continued quality of the marketed product.

Analytical documentation requirements during the life cycle of a pharma-
ceutical product—from initial candidate screening and selection, through entry
into humans/IND, to NDA and postapproval marketed product support—are
discussed in this book. Most of the information is based on US FDA and ICH
guidelines; EU requirements are not substantially different.

0. Innovative Analytical Platforms

Numerous published papers illustrate the role of new analytical platforms
based on combinations of two or more techniques (they are frequently called
hyphenated methods), such as LC/MS, LC/MS/MS, and LC/NMR. Of these
platforms, LC/NMR is gaining increasing importance in modern pharmaceu-
tical analysis. All these hyphenated methods are covered in this book (see
Chapter 10).

A short discussion of new high-throughput applications of methodologies
for solid dosage forms is presented in Chapter 6. Examples include fiber-optic
dissolution technology, flow injection analysis, NIR analysis, and robotics.
These techniques provide data with less analyst involvement and allow a more
thorough batch quality assessment.

Both chemistry and biology have converged on a common 96-well for-
mat as a convenient means of combinatorial synthesis, purification, compound
storage, and drug screening. The development of assay plates with the same
footprint but increasingly high density arrays (e.g., 384, 864, and 1536) has
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led to benefits in reduction of compounds and reagents required for assay and
in time taken to run the screen. Assay formats such as 1536 can be used to
screen 16 times the number of samples a standard 96-well format can assay.
A number of logistics problems have yet to be solved to make this technique
suitable for everyday use (see Chapter 2).

The development of miniaturized chemical analysis systems has received
considerable attention. The lab-on-a-chip concept promises to revolutionize
the area of HTS.) Miniaturization is very desirable in separation science
because it helps work with smaller sample sizes, while gaining high speed
and high-throughput separations without compromising resolution and detec-
tion sensitivity. Furthermore, it can help reduce the consumption of various
reagents and organic solvents, thus being environment friendly and helping to
control the cost of disposal. In the past decade, miniaturization of capillary
electrophoresis systems in the form of microfabricated electrophoretic devices
has achieved great success in comparison with other miniaturized separation
techniques. Analyses of a wide variety of molecules have been demonstrated
with this new and innovative technology. Chapter 16 reviews the current state-
of-the-art design and fabrication aspects of microfabricated electrophoresis
devices, as well as development of popular detection modes applicable to chip
devices. Potential areas in pharmaceutical analysis are highlighted based on
the successful demonstration made with analysis of phase I proteins, peptides,
DNA, other small molecules, and chiral separations.

In the future, nanotechnology is likely to benefit many areas of medicine
such as sensors for use in the laboratory or clinic and within the human body,
new drug formulations, and novel drug-delivery systems. The most important
potential uses of nanotechnology in medicine include the early detection and
treatment of disease.
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I. INTRODUCTION

Combinatorial chemistry is a synthesis strategy that enables the simultaneous
production of large numbers of related compounds. These sets are referred
to as libraries and they can be used in any discovery project associated with
high-throughput analysis capabilities. The most common application is in drug
discovery, but combinatorial methods also have been used, if less frequently, in
the materials science area as well.

Combinatorial chemistry coupled to high-throughput screening (HTS) and
computational methods has been integrated into the lead discovery and opti-
mization process throughout the pharmaceutical industry. As this integration
has proceeded, the emphasis, based on publications, has shifted from its use
in lead discovery toward targeted and optimization libraries, that is, toward
those libraries that contain a structural bias for a particular biological target
or for improving the potency or physical properties of the screening hit. Pub-
lications indicate that the percentage of discovery libraries has decreased by
approximately two-thirds, going from 57% in the 1992-1997 time frame to
21% in 1999. During this period the percentage of targeted and optimization
libraries has doubled to 59 and 25%, respectively.! With the proliferation of
new targets expected from genomics research, all three types of combinato-
rial libraries have become increasingly important, not only for the discovery of
compounds that interact with novel macromolecular targets, but also for their
acceleration toward drug candidates.

Even with these technologies, bringing a new drug to market remains an
enormous task. Today only 10% of compounds that enter the development
cycle reach the pharmacy shelf.2~# Many of the failures are due to poor phar-
macokinetic properties that are recognized only late in the cycle, and these
“mistakes” possibly could have been avoided by early culling of poor leads.
With a success rate of only 0.8 new drugs per company per year, finding and
focusing on better quality leads with improved likelihood of survival becomes
essential and it is here that the improved design of combinatorial libraries cou-
pled to HTS can have an enormous positive impact. These points are expanded
upon later in this chapter.

The origins of combinatorial chemistry can be traced back to solid phase
peptide synthesis in the 1960s, but as applied to small druglike molecules,
the technology started to become widely applied during the latter part of the
1990s. The use of combinatorial chemistry in drug discovery ushered in a new
chapter in chemical synthesis within the pharmaceutical laboratory. For the
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first time, small druglike compounds could be made in large numbers by
parallel methods rather than by classical individualized serial synthesis.

The general synthetic strategy used for combinatorial chemistry is simi-
lar to the more classical approach, that is, commercial synthons or building
blocks are combined through a range of usually established methods to gener-
ate a new entity. The combinatorial approach differs in that the reactions are
generalized for a range of building blocks, so that a related set of compounds
are simultaneously produced.

Il. COMBINATORIAL METHODS

Small-molecule libraries may be created by a variety of methods. These include
traditional solution chemistry performed in parallel using multiple reaction
vessels so that the individualized chemistry performed in each vessel is, in
effect, spatially encoded and hence the structure of the product is implicit by
vessel.>© Alternatively, the chemistry can be performed on a solid support,
usually polystyrene beads, in individual vessels, or the supports can be com-
bined into pools where each bead is viewed as a separate reaction vessel. This
allows a whole range of design strategies to be employed (vide supra). Accord-
ing to a recent literature survey, two-thirds of reported libraries are prepared
on solid support and one-third by solution chemistry.®

A. Solution-Phase Libraries

Ideal reactions for solution-phase parallel synthesis are those that are kinet-
ically and thermodynamically favored, are tolerant of diverse functionality,
and have a broad range of reactant tolerance. In this approach, capture resins
and extraction procedures are often used for preliminary purification.® The
solution-phase reaction conditions must be validated in terms of scope and
optimal reaction conditions over the range of reactants. Two common strate-
gies for solution libraries involve derivatization of preformed functionalized
scaffolds and multicomponent condensation reactions,” for example, the Ugi
reaction, the Passerini reaction, and the formation of hydroxyamininimides
from an ester, a hydrazine, and an epoxide.

B. Solid-Phase Libraries

Solid-phase parallel synthesis mimics the previously described solution phase
strategy.8~1# This approach easily lends itself to both semi- and full automa-
tion. In contrast to the solution phase method, purification is easily achieved
by simply washing the resin beads, and the reactions can be driven to comple-
tion by excess reagents, multiple cycles, and microwave techniques. The initial
building block or scaffold is attached to the resin bead by a detachable linker.
At the end of the synthesis, the final construct is released under the appropri-
ate cleavage conditions for automated purification, usually by high-pressure
liquid chromatography (HPLC). This allows bioanalysis of the final product in
aqueous solution under standard assay conditions.
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C. Split Synthesis

Today’s parallel methods remain limited in terms of their ability to produce the
large numbers of compounds that many believe will be required by the large
number of novel targets predicted to evolve from the Human Genome Project.
These novel bioassays coupled with HTS will place an enormous burden on
compound production and informatics capabilities. The techniques prepared
to handle this need are the “split synthesis” and the “direct divide” solid
phase synthesis methods. These methods involve the division and pooling of
resin particles such that large libraries can be easily produced, usually with a
minimum investment in automation.

Split synthesis or “one bead one compound” was first described by Furka
et al.13-16 and later by Lam et al.” The method involves reacting each of the
first step synthons with solid support beads separated into pools. After the
reaction is judged to be complete, the pools are combined and then redivided
into separate second stage reaction vessels. The second set of synthons is then
added individually to the newly divided resin pools. This process is continued
until the synthesis is complete. The number of library members produced is
a multiple of the number of synthons used at each combinatorial step, for
example, if 10 synthons are used in each of three synthetic steps, the number
of compounds simultaneously produced will be 1000.

The direct divide method!® is similar except no pooling step is involved.
Instead, the solid support particles from each reaction vessel are separately
divided into the next reaction set of vessels to form new pools. This approach
was introduced to better control the distribution of resin beads, thereby
achieving a more equal number of each member in the final library.

IIl. METHODS FOR STRUCTURAL ASSIGNMENT

A process called deconvolution is commonly employed to determine biological
activity.!? The final library pools are not combined but are tested as either “on-
bead” or “detached” compound mixtures. The most active pool defines which
synthon is preferred in the last step. The synthesis is repeated to the penulti-
mate set of pools and these are then allowed to react with the “best” last step
synthon. Alternatively, pools of conserved resin from the penultimate step held
back during the original synthesis may be used. The most active pool found
on retesting defines the best last two synthons. This process is repeated until
the most active member is identified. A somewhat similar method termed posi-
tion scanning also has found successful application, especially in the analysis
of peptides.20

A. Encoding

Encoding techniques provide an alternative to deconvolution. In this method,
a unique tag molecule or set of tags is introduced at each synthetic step to
define each synthon used during library construction. This approach accurately
records in the “tag bar code” those synthetic steps and exact synthons that any
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particular library bead has seen; the tag set then implies the structure of the
compound through the reaction history of the bead.

Because the amount of compound releasable from a single synthesis bead
(e.g., the 180-um Tentagel® bead) is in the range of 0.5-1 pmol, material
available after biotesting is insufficient for traditional physical and spectro-
scopic characterization. Therefore, the implied structure available from the
encoding process not only avoids deconvolution, but defines the structure
that can be confirmed by classical methods after resynthesis. In our experi-
ence, the code correctly defines the assigned structure based on resynthesized
samples in 97% of the cases examined. The ease of structural assignment
through encoding allows all active compounds to be defined, thereby pro-
viding a level of structure—activity relationships (SAR) even at the level of
primary screening. Although a number of approaches to encoding have been
described, the five principal types are DNA strands, peptide strands, molecular
tags, radiofrequency (RF) transponders, and alphanumeric labeling.

The DNA strands were first reported by Brenner and co-workers
to define the sequence of a peptide constructed on a solid support. Upon
completion of the synthesis, an on-bead assay was performed. Whereas each
bioactive peptide was defined by a unique DNA sequence, the decoding pro-
cess simply involved amplification of the code by the polymerase chain reaction
followed by sequencing. This technique marked the beginning of the tag-
ging method for encoded split synthesis. Sequenceable peptide strands are an
alternative to DNA encoding.2? The code is read by HPLC of the Edmon
degradation phenylthiohydantoin amino acid derivatives, a well-developed
microsequencing method.

The next major advance in encoding came with the development of
molecular tags.'” The encoding molecules were designed to avoid the chem-
ical sensitivity and detection limitations of the DNA and peptide strands.
The two most used types of chemically robust tags are the electrophoric
halophenoxyalkylethers and the fluorescent dialkylsulfonamides. The elec-
trophoric tags are used primarily by us and the fluorescent dansyl derivatives
are used by Glaxo-Wellcome/Affymax. The compound constructed on the
solid support is detachable by a linker utilizing chemistry different from that
required for removal of the encoding molecules.

The RF tags are transponders usually used by placing a glass-encapsulated
microchip into a mesh capsule loaded with resin beads. The chip can
either emit a binary code that is scanned at each synthetic step or receive
and record binary information sent by a transmitter each time chemistry
is performed.23=25 This method does not require the introduction of tag
molecules and, therefore, does not need an orthogonal linking strategy. Other
nonchemical methods similar to RF tagging that have been developed include
alphanumeric labelingZ6=28 and laser optical encoding. Because the tagged
particle is so much larger than the split synthesis bead, there is an inherent
limitation on the library size. Therefore, these approaches are usually used in
the hit-to-lead phase, where individual compounds are evaluated in a compar-
ative way. In contrast to large encoded particles, the encoded split synthesis
libraries are extremely useful in lead discovery and in the rapid generation of
SAR information.

21,22
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IV. DIVERSITY

It is with “prospecting” libraries that compound diversity is often viewed
as a central issue. To achieve broad structural diversity, it is desirable for
the synthetic strategy to allow for the introduction of multiple scaffolds and
the selection and regioplacement of substituents. Such variation with an eye
toward overall two- (2D) and three-dimensional (3D) diversity results in a
whole range of approaches and methods for selecting diverse substituents
and measuring the resulting molecular differences. Calculations based on 2D
fingerprints,2%- 30 3D descriptors,3?- 3! and 3D lattice analysis32 are commonly
employed.

V. DRUGLIKENESS

The focus on issues that surround the practice of combinatorial chemistry
has shifted from the development of solid-phase chemical conversions, the
relevance of library size, and the meaning of diversity in design to the incor-
poration of druglike characteristics into the library members. As the ability to
generate a broad variety of structural types has expanded, the need to look
downstream toward the questions of bioavailabilty and toxicity has become
critically important. Control of the physicochemical properties present in the
library members during the virtual library design and culling process has been
made possible by rapid analysis and visualization tools. High percentages of
compounds in any given library can be placed in the druglike range with some
level of confidence. The intuitive guidelines of the medicinal chemists have been
codified into a set of guidelines called the rule of 5, which limits the molecular
weight, log P, and number of hydrogen bond donors and acceptors.>>

A second approach to a higher quality library emphasizes a leadlike rather
than a druglike collection. Such a library contains members in the molecular
weight range of 100-350 and a calculated log P of 1-3. It has been suggested
that compounds from such libraries with ICsgs in the 1-10-uM range can
be more easily optimized to drug candidates than compounds with higher
molecular weight and ¢log Ps.3*

This trend toward library design that emphasizes optimizable druglike
leads may decrease the probability for later failure (see Section VII). Continued
emphasis on the development of in silico approaches for critical parameters in
addition to passive absorption will have a positive impact on increasing the
survival rate as candidates move through the development cycle.

VI. DESIGNING COMBINATORIAL LIBRARIES WITH OPTIMAL ADME PROPERTIES

Combinatorial chemistry has produced libraries that total millions of com-
pounds; for example, our collection contained 7.17 million compounds as
of May 31, 2000. HTS of these large compound collections allows the
rapid search of a much larger region of chemical space for structure-activity
relationships than could be searched previously. However, high activity is only
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The “Ideal” Drug

- FIGURE | The desirable traits a molecule should possess to be considered a drug.

one requirement for a drug; one estimate found efficacy by itself to account
for only 29% of failures in clinical trials.>> An ideal drug (Fig. 1) should
be orally well absorbed, sufficiently metabolically stable to induce the desired
pharmacologic effect, nontoxic, cause minimal or no adverse effects, distribute
selectively to the target tissue(s), and have a reasonably long half-life.

Unfortunately, the pharmaceutical industry has had considerable difficulty
finding compounds that possess all of these desirable traits. Drug discovery
and development is currently a process of managing failures and their costs.
Ninety percent of compounds that have an investigational new drug (IND)
filing fail before achieving an approved new drug application (NDA).3¢ The
cost of developing a new drug is estimated at $350-500 million and over
85% of this cost is due to the expense of clinical testing, which means that
these failures represent the majority of the cost incurred in drug discovery
and development.3” The role that absorption, distribution, metabolism, and
excretion (ADME) play in causing these failures is significant, and a survey
by Prentis et al.3® estimated that approximately 50% of failures in clinical tri-
als are due to ADME problems. Clearly, the benefits of enhancing the ADME
properties of molecules through computational design in the discovery phase
are enormous and, recently, much attention has been devoted to this issue in
the literature.38—43

The success rate of compounds that pass from the discovery phase to an
approved NDA is approximately 1%. Therefore, it is useful to group the prop-
erties of a drug into categories, based on whether a property is a major cause
of failures and should be considered by itself or is usually a minor concern and
can be grouped with other properties with similar influence. Such an analy-
sis establishes five categories: activity, absorption, metabolism, toxicity, and a
group of properties that comprise distribution, excretion, and selectivity. These
categories are obviously quite simplistic, but they do permit an estimation of
the implied success rate of compounds for each category when each prop-
erty category is considered independently. As Figure 2 shows, there is a 40%
implied success rate (the fifth root of 1%) for each property category, given the
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A “Back-of-the-Envelope” View of Success

Distribution New Drug
Activity Abs. Metab. Tox. Excretion Success Rate
Selectivity

1% success rate discovery = NDA

40% x 40% x 40% x 40% x 40% = 1%
to increase 2x
46% x 46% x 46% x 46% x 46% = 2%
10% success rate preclinical = NDA
63% x 63% x 63% x 63% x 63% = 10%
to increase 2x
2% x 2% x 72% x 72% x T2% = 20%

(Simple estimate of implied step-wise success rate)

B FIGURE 2 The required improvements for each desired property for drug discovery and develop-
ment success rates, assuming that the given property categories and the success rates of those categories
are independent of one another.

assumed 1% success rate for compounds going from discovery to NDA. To
double the overall success rate to 2% for compounds going from the discovery
phase to NDA, a company must have a 46% success rate for compounds in
each property category. Thus, only a small incremental improvement is neces-
sary in each of a set of property categories, which are mostly ADME-related, to
double the final number of drugs brought to market from the discovery phase.

Similarly, the commonly used success rate for compounds going from pre-
clinical studies to NDA is approximately 10%, and Figure 2 shows that the
implied success rate over those stages is 63%. To double the overall success
rate to 20% for compounds going from the preclinical studies to NDA, a com-
pany must have a 72% success rate for compounds in each property category.
Although different and more complicated groupings of properties certainly
can be made, allowing more accurate estimates of probabilities, such analysis
would require detailed historical knowledge of a large pharmaceutical com-
pany’s development efforts. Although such data are not publicly available, the
generally agreed upon success rates for the entire pharmaceutical industry leads
to the conclusion that mere incremental improvements in the numbers of com-
pounds that have acceptable ADME properties could increase the number of
drugs brought to market substantially. These figures may be nothing more than
a thought experiment, but the result is provocative.

VII. EXISTING COMPUTATIONAL METHODS FOR ADME PROPERTIES

Current models for ADME actually fall into two categories: (1) models that
predict the general druglikeness of a molecule, using existing drugs, drug-
like molecules, and nondruglike molecules, and (2) models that are designed
to predict a specific ADME property, for example, passive intestinal absorp-
tion or potential for metabolism by CYP450-2D6. Existing ADME models are
structure/fragment based, physicochemical property-based, or incorporate a
mixture of both structural/fragment and physicochemical descriptors.
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A. Druglikeness

A variety of models have been developed to predict the druglikeness of a
molecule. #4648 In an early study, fuzzy adaptive least squares (FALS) was
used to classify 188 drugs by their bioavailability for three chemical classes—
aromatics, nonaromatics, and heteroaromatics—based upon structural and
physicochemical descriptors.*” Extensive work has been performed to exam-
ine known druglike and nondruglike molecules to assess what structural motifs
are associated with druglike molecules. Bemis and Murcko*$:#4° analyzed the
core structures and side chains of molecules in the Comprehensive Medici-
nal Chemistry Database (CMC) and found that just 32 frameworks account
for 50% of 5120 druglike molecules and that 73% of the 15,000 side chain
occurrences in the CMC data set were from the “top 20” side chains. A ret-
rosynthetic combinatorial analysis procedure (RECAP) was used to analyze
the Derwent World Drug Index (WDI) to identify common substructures in
biologically active molecules based upon fragmentation of bonds formed in
common chemical reactions.’® In a related article,>! all possible local struc-
tures for n-centered groups (where # = 1-4) were computed for the CMC and
MDDR databases. The authors concluded that good discrimination between
known drugs and compounds with poor drug properties was possible and
that the method likely covered 74-89% of drug chemical space. A decision
tree method was able to correctly classify 92% of druglike and 66% of non-
druglike molecules using the Alog P atom types combined with other simple
fragment descriptors.’? Neural networks also have been successfully applied
to the prediction of druglikeness with correct classification rates of approxi-
mately 80%, using A log P atom types®3 and ISIS fingerprint keys combined
with physicochemical descriptors.>*

Less complex assessments of druglikeness also have been developed. Per-
haps the best known is Lipinski’s rule of 5 method,3* which is based on an
analysis of 2287 compounds with USAN/INN designations. These designa-
tions are typically applied for prior to entry into phase II clinical trials; thus
these compounds satisfactorily completed phase I clinical trials, which include
assessments of ADME/toxicity properties. In this model, compounds are con-
sidered less likely to be permeable/soluble if their ClogP > 5, molecular
weight (MW) > 500, or they possess more than 5 H-bond donors or more than
10 H-bond acceptors. Ghose et al.>3 performed a similar analysis on the 6454
compounds that are druglike by therapeutic class in the CMC database. They
computed 80th percentile ranges for AlogP (—0.4 to 5.6), MW (160-480),
molar refractivity (40-130), and number of atoms (20-70). Oprea’® analyzed
the distributions of properties for a variety of druglike and nondruglike data
sets, using the previously listed descriptors, as well as the number of rings and
rigid bonds.

B. Absorption

The process of intestinal absorption has three components: (1) passive dif-
fusion across the membrane, (2) active transport into the membrane, and
(3) active efflux out of the membrane. Lipophilicity, hydrophilicity, size, and
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degree of ionization are generally regarded as the most crucial properties that
affect the passive intestinal absorption of a molecule.38:3%:57-60 Models for
passive intestinal absorption that are of particular interest are Lipinski’s rule
of § (discussed already),3* the polar surface area (PSA) models,®1 =63 and the
molecular weight/log P model of Camenisch et al.6% ¢> Dynamic PSA, which
is computed as the Boltzmann averaged van der Waals surface area of nitrogen
and oxygen atoms and any hydrogen atoms attached to those atoms for a set
of low energy conformers, is used to estimate the hydrogen bonding ability
of a molecule. Excessive hydrogen bonding is known to lower the membrane
permeability of a molecule®® ©” and intestinal absorption has been shown to
decrease sigmoidally with increasing PSA.61 Clark®? demonstrated that the
Boltzmann averaging used to compute dynamic PSA is superfluous and that an
almost identical relationship with intestinal absorption exists with PSA com-
puted from a single conformer. Camenisch et al.* ¢ developed a model that
predicts Caco-2 cell permeability to decrease sigmoidally as log D decreases,
with the curvature of the sigmoid being dependent upon molecular weight.
A variety of more complex models have been developed to predict human
absorption and/or Caco-2 cell permeability.68—72

Active transport mechanisms for the intestinal absorption of amino acids,
oligopeptides, monosaccharides, monocarboxylic acids, phosphate, bile acids,
and a number of vitamins have been identified and the review by Tsuji and
Tamai”3 provides an excellent summary of those mechanisms. The poten-
tial use of intestinal peptide’* and hepatic bile acid carriers’® to enhance
drug absorption also has been reviewed. Structural and molecular modeling
studies have postulated molecular structural features necessary for substrate
recognition by the intestinal peptide carrier’® 77 and the bile acid carrier.”$

Active mechanisms for the secretory efflux of drugs,”? mainly via the
p-glycoprotein (pGp) efflux pump, lower oral absorption and form the basis
for multidrug resistance in chemotherapy. Seelig3? proposed a pattern of sub-
strate features for recognition by pGp, based on the spatial separation of two
or three electron donor groups. Doeppenschmitt et al.8! suggested that the
reduction of intestinal permeability caused by pGp may be greatest for those
compounds that are less passively permeable, even if they do not have a high
affinity for pGp.

C. Distribution

Achieving penetration of the blood-brain barrier (BBB) is a crucial requirement
for certain classes of drugs. Several reviews have appeared on the problem
of predicting BBB penetration.82—8% Models similar to those employed in the
prediction of intestinal absorption have been developed for rat brain capillary
penetration.?S Young et al.3¢ found a good correlation between A log P [the
difference between log P(octanol/water) and log P(cyclohexane/water)] and
brain penetration, implying that high hydrogen bonding capability was a
factor in poor BBB passage. The hydrophilic portion of the van der Waal’s
surface area was subsequently shown to correlate with log BB (logq of the
ratio of concentration in the brain to the concentration in blood).8” A more
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complex model that included descriptors for excess molar refraction, dipo-
larity/polarizability, hydrogen bond acidity/basicity, and solute size predicted
log BB well®® and was later shown to give better predictions for log BB
than a model based on log P and H-bonding terms.8 Solvation free energy
in water also has been used to predict log BB.”0 Partial-least-squares (PLS)
modeling predicted log BB with R2 = 0.862 and root mean squared error
(RMSE) = 0.288 using H bonding, acidity/basicity, surface area, and polariz-
ability descriptors.”! Luco?? performed a similar analysis, but used topological
as well as hydrogen bonding descriptors, constructing a PLS model with
> = 0.85. PSA, a measurement essentially the same as the hydrophilic por-
tion of the van der Waal’s surface area used by van de Waterbeemd and
Kansy,3” was combined with clog P to give a PLS model with RZ = 0.787.93
Examination of the single conformer PSA of 776 orally administered central
nervous system (CNS) drugs found that practically all of those drugs had a
PSA <90 A2.%4

Drug protein binding (PB) to plasma proteins, primarily human serum
albumin and «q-acid glycoprotein, affects both the apparent volume of dis-
tribution (V) and the type of clearance, both of which in turn determine
the half-life of a drug.”>-%¢ A recent experiment demonstrated that protein
binding lowers the BBB penetration of glycine/NMDA (N-methyl-D-aspartic
acid) receptor antagonists.”” Early work by Moriguchi® found a linear rela-
tionship between pK, and the protein binding of aromatic carboxylic acids to
bovine serum albumin. Biagi et al.®® showed that lipophilicity as measured by
chromatographic R, values was correlated with protein binding (r = 0.918).
Structure-activity relationships involving lipophilicity and charge effects on
PB have been reviewed.1%0 Seydel and Schaper!?! reviewed quantitative SARs
and pharmacokinetics, and discussed models that predict PB using lipophilicity
and hydrophilic interactions. Ritschel and Hammer!%? used in vitro methods
to predict V; using the extent of PB and partition coefficients. A sigmoidal
relationship between lipophilicity and PB was shown in a series of barbitu-
rates tested in rats.!%3 Molecular connectivity indices were used to model V
for a set of 14 hypoglycemic drugs with good results (+ = 0.9812).194 Lin-
ear and quadratic models were used to predict 15 different pharmacokinetic
properties for 17 noncongeneric drugs using physicochemical properties and
other known pharmacokinetic values.!5 FALS has been used to classify 373
drugs by their V; and gave r values for leave-one-out cross-validation in the
range of 0.81-0.82 for three chemical classes: aromatics, nonaromatics, and
heteroaromatics.1%¢ For the same three groupings of drugs, PB was classi-
fied using FALS, with prediction 7 values in the range of 0.723-0.825.197 A
second example of a sigmoidal relationship between lipophilicity and PB was
shown by Lazni¢ek and Laznickova.198 Smith1%? showed the combined effect
of the acid/neutral/basic character of drugs and lipophilicity on free volume of
distribution.



34 KEN APPELL et dl.

D. Metabolism

The importance of various cytochrome P450 isoenzymes in drug metabo-
lism'19=112 and homology modeling of their structures has been reviewed.!13
The two most important CYP450 isozymes are CYP3A4 and CYP2D6, and we
now review some of the more significant and recent work in pharmacophore
modeling of these CYP450 isozymes.

Strobl et al.'* developed a reasonable pharmacophore model for com-
petitive inhibitors of CYP2D6. The four pharmacophore features were (1) a
positively charged nitrogen atom, (2) a flat hydrophobic region, (3) a hydrogen
bond acceptor, and (4) a negative molecular electrostatic potential. A Cata-
lyst model of 31 CYP2D6 inhibitors produced an excellent pharmacophore
model (R = 0.91) that contained three hydrophobes, one hydrogen bond
donor, and one hydrogen bond acceptor.!!> A combined protein and phar-
macophore model'1® was developed that uses a single orientation of each
molecule, maps those conformations into a pharmacophore model, and ori-
ents them into a protein model. This model, which was extended to account
for N-dealkylation reactions, as well as hydroxylation and O-demethylation
reactions, contains 72 metabolic pathways for 51 CYP2Dé6 substrates, and is
reasonably predictive.!1”

MSI’s Catalyst program was used to create pharmacophore models of
CYP3A4 inhibitors, producing models comparable in quality to in wvitro
method predictions, which agreed well with other proposed structural fea-
ture requirements for CYP3A4.''8 The common model included three
hydrophobes and one hydrogen bond acceptor. Further work using Catalyst
modeling of 38 CYP3A4 substrates produced a four point pharmacophore
(two hydrogen bond acceptors 7.7 A apart, one hydrogen bond donor, and one
hydrophobic region) with good predictive ability on 12 test compounds.!1?
This work also generated a different pharmacophore hypothesis for com-
pounds that autoactivate their own CYP3A4 metabolism; the pharmacophore
had three hydrophobic regions and a hydrogen bond acceptor, but was derived
from only three molecules.

Other cytochrome P450 enzymes have been studied using molecular mod-
eling. A three feature pharmacophore model was developed for 44 quinolone
compounds, which are weak competitive inhibitors of CYP1A2.120 The Cat-
alyst program was used to generate a reasonably predictive pharmacophore
model of 16 CYP2B6 substrates.!2! Comparative molecular field analysis
(CoMFA) models have been successfully generated for CYP2C9.122. 123

Models of phase II metabolism also have been developed. The glu-
curonidation rates of phenol analogue, benzoic acids, primary and secondary
aliphatic alcohols, and a collection of miscellaneous compounds was modeled
using linear regression based on log P, molar refractivity (MR), and pK,.124
A generally parabolic dependence on log P was found, with the maximum
rate of glucuronidation occurring at a logP of ~2.1 for most of the data
sets; pK; and MR were also statistically significant parameters in several of
the regression equations. Holmes et al.12’ predicted the urinary sulfate and
glucuronide conjugation of substituted phenols using physicochemical descrip-
tors. Similar work predicted the urinary excretion and glucuronide conjugation
of substituted benzoic acids in rabbits.12¢
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Metabolism databases and several predictive software packages also
have been reviewed.'?” A knowledge-based expert system for the prediction
of phase I and II biotransformations called META was developed on the
VAX/VMS platform.!?8 META contains over 750 biotransformations based
on substructures and quantum mechanical calculations!2? that gave excellent
predictions on test data and have been optimized using a genetic algorithm
to perform better than human experts.!3® However, when used to predict
the metabolism of 42 polycyclic aromatic hydrocarbons (PAHs), META over-
predicted 29 and missed 8 of 72 experimentally observed epoxidations, and
missed 27 of 49 experimentally observed hydroxylations.!31

E. Excretion

The biliary excretion of drugs has been discussed in a comprehensive text by
Smith,!32 who noted that extremely polar or nonpolar compounds are poorly
excreted in the bile. A particularly interesting finding by Hirom et al.!33 is
that above a species-specific molecular weight (MW) threshold, compounds
are increasingly excreted in the bile as their MW increases. For nitroimidazoles
and nitrothiazoles, a parabolic relationship exists between log P over the range
—1.5-1.5 and urinary excretion.'3# A study of nine compounds with differing
physicochemical/pharmacokinetic properties suggested that compounds with
low MW, low lipophilicity, and ionic character are eliminated renally and not
through the bile, whereas larger, more lipophilic, unionized compounds are not
eliminated renally, but through the bile.!3 Compounds that are highly protein
bound cannot be filtered by the glomerulus in the kidney and are thus excreted
in the bile.13¢ Molecular connectivity indices have been used to model percent
renal elimination for a set of 14 hypoglycemic drugs with moderate results
(r = 0.7557).10% FALS has been used to classify 373 drugs into three levels of
percent urinary elimination for three groupings: aromatics, nonaromatics, and
heteroaromatics with predictive 7 values ranging from 0.768 to 0.905.197 For
a series of renin inhibitors, MW correlates highly (#* = 0.95) with biliary elim-
ination rate.!3” For a series of nine glycopeptide antibiotics, clearance, urinary
recovery, and V; decreased and half-life increased as their pI decreased.!38

VIIl. OPTIMIZATION PHILOSOPHY

The current approach to pharmacokinetics/pharmacodynamics and toxicology
in the preclinical research phase has been described as a “medieval science.”!3?
Historically, the goal of drug discovery efforts has been limited to finding a
highly active molecule. Once a lead compound has been found or designed, it is
passed on to a medicinal chemistry team (“thrown over the wall,” Fig. 3). It is
to be “optimized” in a sequential process, first varying the structure to further
optimize activity (if necessary), then varying the structure to enhance absorp-
tion, metabolism, distribution, excretion, and toxicology properties, one by
one in sequence, as problems arise during compound evaluation in vitro or in
vivo.
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tially achieving ADME/toxicity properties that are good.

This process may be viewed as a constrained optimization or, more sim-
ply, as a multifactor optimization. The constrained optimization viewpoint
considers the various possible structural changes as factors and the goal of
optimization as making a drug, which is defined by the general conditions of
good activity, selectivity, ADME, and toxicity as the constraints. Reduction to
the equivalent, but simpler, multifactor view considers the factors that undergo
optimization to be activity, selectivity, ADME, and toxicity, which all are inter-
related by structure. Unfortunately, the well-known and proven theories of
experimental design and optimization, developed by the groundbreaking work
of the statistician R. A. Fisher'#Y during the period 1925-1935, require that
multiple factors be adjusted simultaneously during optimization; otherwise,
the effects of any interactions between the factors are not revealed and can-
not be taken into account. Hunter!*! clearly and concisely summarized the
point: “Experiments in which one factor at a time was varied were shown to
be wasteful and misleading.”

Coupled with our imperfect knowledge of biological systems, this one-
factor-at-a-time (OFAT) methodology'? is a major cause of a common
problem wherein the enhancement of one property degrades the compound’s
quality as measured on another property43; for example, a structural change
that increases absorption makes the compound metabolically unstable or
reduces activity. Sequential optimization may even “back the optimization into
a corner,” where initial structural design changes make it impossible to meet
requirements imposed later in the sequential optimization process, when simul-
taneous optimization may have been able to find an area of chemical space
where all the criteria could be met. This is possible because the entirery of
chemical space allowed by all factors is available for consideration in simulta-
neous optimization and the interrelationships between factors are taken into
account. Part of the solution to the problem of development failures caused
by poor ADME/toxicity properties requires that the pharmaceutical discov-
ery and development process must move from the OFAT methodology to a
simultaneous optimization process, incorporating the current and near-future
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developments from in silico and in vitro ADME/toxicity screening, informatics,
and modeling into the search for novel therapeutic compounds.

IX. APPLYING EXISTING ADME MODELS TO COMBINATORIAL LIBRARY DESIGN

The chemical space available for the virtual screening of combinatorial
libraries is enormous. One simplistic (yet conservative) estimate put the num-
ber of possible molecules that could be constructed from 30 atoms limited to
C, N, O, or S to be on the order of 100 molecules.1** As Walters et al.14S
pointed out, most molecules that can be made are likely to be unsuitable can-
didates for drug discovery. Virtual screening of this potential chemical space
requires that enumeration of such a huge number of molecules be avoided
while still being able to cull out large numbers of undesirable molecules. The
REOS program used at Vertex!*® incorporates over 200 ADME/toxicity filters
for virtual screening and has been used to cull a virtual library of 30 million
compounds down to 200,000 compounds.'#¢ However, further improvements
are necessary to achieve the full potential of multiproperty design.

There are two general concepts to consider in guiding the process. First, the
nature and speed of the computational models used, combined with the size of
the virtual library, dictate what approach is used. There is a considerable differ-
ence in scale of computational power required for screening 10,000, 1 million,
or 100 million compounds iz silico. Models may be rapidly or slowly com-
puted because of the choice of model form and descriptors; changing the form
and/or descriptors likely will impact the accuracy of the model predictions.
In particular, the use of multiple 3D conformers would be quite expensive,
whereas simple 2D derived descriptors are much faster (100 + times). Thus, to
screen very large virtual collections, fast, approximate models are necessary,
but as the number of molecules computationally screened decreases, the speed
of the models also may be decreased to, hopefully, provide more accurate pre-
dictions. Even a single, relatively slow model could become a rate-limiting step,
and this poses a problem when future uses of ADME models almost certainly
will be simultaneous. Thus, the design of novel and rapid algorithms for the
prediction of ADME properties should be a fertile area for future research.

Second, the implementation of applying filters cannot treat those filters
as independent of one another, as discussed in the foregoing optimization
section. Molecular properties are dependent on structure, and the optimiza-
tion of all properties has to occur simultaneously to achieve the best possible
results. As related earlier, optimizing for diversity!47=14% is no longer the sole
goal. A variety of algorithms that have been applied to diversity optimiza-
tion may be readily adapted to the task optimizing multiple properties in
addition to diversity.159=15% The search space for these algorithms may be a
mix of product-based and reagent-based strategies, as recent work indicates
that descriptors can behave differently in product versus reagent space,!3’
expanding upon previous results that concluded product-based strategies to
be superior to reagent-based strategies.!>®
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Two examples are the design of libraries constrained to possess CNS
druglike properties!®” and druglike physicochemical properties.!38 Pickett et
al.13? utilized a Monte Carlo search procedure to select and filter compounds
designed with a pharmacophore model so that they met absorption constraints
as set by the rule of 5 and a PSA limit of 140. They achieved excellent results,
enhancing both absorption (as measured by the Caco-2 cell permeability assay)
and activity. We have achieved similar results in an optimization project
at Pharmacopoeia Laboratories. Introduction and use of an absorption/BBB
model'®? aided chemists both to identify the current absorption potential of
existing compounds and to determine future synthetic strategies, culminating
in the simultaneous optimization of active (<1 nM) compounds with high
absorption, as measured by the Caco-2 cell permeability assay (Fig. 4).

X. THE FUTURE OF ADME MODELING

Future progress in the area of ADME modeling requires that each specific
property be modeled separately. Considering properties separately avoids,
as much as possible, confounding and interfering effects, for example, per-
centage bioavailability (BA) is determined primarily by both absorption and
metabolism, and any attempt to model BA requires that both properties be
taken into account. This requires considerably more and better quality data.
No longer can the pharmaceutical industry stop at just obtaining ADME data
for a series or project of interest, because such data are limited in size and
scope, leaving huge areas of chemical space unexplored. These data are also
generally inconsistent, due to significant inter- and intralaboratory variation,
and thus are not suitable for modeling efforts. Well-designed, comprehen-
sive experiments (Fig. 5) can provide much more information, allowing more
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fruitful modeling efforts.**161 More and better data increase the feasibility
that models can correctly predict each of the various ADME properties at
the 70%+ level. Simultaneous optimization of all drug properties using these
individual property models should greatly enhance the success rates of the
pharmaceutical industries’ drug discovery and development efforts.

There is one caveat, however. Computational models by their very nature,
are dependent on the data used to create them and on the understanding and
insight of the scientists who created those models. This makes computational
models imperfect, because our data and understanding are imperfect, and
although reasonably good models are feasible in the near future, error rates
of 10-30% or greater cannot be ignored. A significant advantage provided by
large combinatorial libraries is the ability to search chemical space thoroughly,
thereby uncovering subtle features of structure-activity and structure—property
relationships that might otherwise be completely missed. A small set of com-
pounds optimized for diversity and ADME properties will have a lower
probability of uncovering a major change in activity—property due to an appar-
ently innocuous structural change, for example, replacement of a methyl group
by an ethyl group, which renders a compound inactive. This is because the sam-
pling of the chemical space is insufficient to achieve the necessary resolution
when such small collections of compounds are used. Combinatorial chemistry
offers the opportunity to partially offset the limitations imposed by imperfect
knowledge, at relatively minor cost, through the use of large libraries that will
increase the likelihood of detecting subtle relationships.

XI. HIGH-THROUGHPUT SCREENING AND COMBINATORIAL CHEMISTRY

Over the past 40 years, advances in the fields of medicinal chemistry and
biochemistry have led to revolutionary changes in our understanding of
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drug action. Pharmaceutical companies have taken advantage of this knowl-
edge to establish novel bioassays to find new medicines for old diseases. As
specific biological targets were identified that showed strong relationships with
disease, mechanistic-based assays could be efficiently developed iz vitro, lead-
ing to the concept of screening compound collections against a variety of
therapeutically relevant targets. Large standing inventories of chemically well-
characterized compounds provided pharmaceutical companies with a means
to add tremendous value to the screening of old compounds for new biological
activities.

With the introduction of laboratory robotics during the 1980s, automation
of biological assays was possible that allowed large numbers of assays to be
run in parallel. The concept of HTS evolved where compound collections could
be evaluated efficiently through assay automation. A close working relation-
ship between biochemistry, molecular biology, engineering, and information
technologies with HTS groups emerged, resulting in fully integrated platforms
for approaching drug discovery. Combinatorial chemistry provided a means
to fill gaps in chemical diversity space and led to an expansion of existing
compound collections. As the number of compounds continued to increase,
the demand for more efficient management of costs, reagents, and time associ-
ated with the screening of these compounds for biological activity necessitated
the drive to develop improved throughputs through assay miniaturization and
automation. Ultrahigh-throughput screening (uHTS) platforms, those capable
of generating 100,000 data points per day, are being developed based on assay
miniaturization technology, and their aim is to increase throughput and effi-
ciency of screening, thus providing a further acceleration in the drug discovery
process.

XIl. ASSAY PLATE FORMATS: MOVE TO MINIATURIZATION

Both chemistry and biology have converged on a common 96-well microtiter
format as a convenient means of combinatorial synthesis, purification, com-
pound storage, and drug screening. Solvent-resistant polypropylene plates
are suitable for compound synthesis/compound storage, whereas polystyrene
plates are best used for biological assays. Compound evaluation in this plate
format has become the norm, and choices between a number of available plate
types support a wide range of bioassays. Current plate options include clear,
opaque (white or black), opaque with clear bottoms, tissue culture-treated
plates, and plates with special coatings. For separation-based assays, filter
bottom plates are available with various options for filter membrane mate-
rial. Assay volumes in the 50-100-i.] range allow target-based screens to be
developed, including enzyme-receptor-, and cell-based assays using radioac-
tive and nonradioactive detection methods. A number of manufacturers offer
a variety of liquid-handling devices with single, 8-, and 96-channel dispensing
capabilities.!®* Routinely, 10,000 data points per day can be generated in these
assay systems. For many years the 96-well plate was the standard microtiter
plate format due to its convenience and ubiquity. However, limitations in sam-
ple throughput and required reagent quantities have pushed the demand for
newer, more efficient technologies.
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An advancement in the screening of large collections of compounds that
has had an impact on screening efficiencies is assay miniaturization. The devel-
opment of assay plates with the same footprint as the 96-well microtiter plate,
but with increasingly higher density arrays (e.g., 384, 864, 1536, and 3456),
has led to benefits in reduction of compound and reagents required for an assay
and the time taken to run the screen. Whereas libraries are often synthesized
on solid support, sample yields can be small, forcing limited assay volumes to
achieve adequate compound concentrations. The move from 96- to 384-well
plates has reduced assay volumes from 50 to 20 pl and increased the efficien-
cies of screening large numbers of compounds. Libraries currently archived
in 96-well plates are easily mapped onto 384-well plates. Today, instruments
have been specifically designed to allow 384-well assays to be run on a routine
basis. Plate readers are commercially available for all standard detection sys-
tems, as well as automated liquid handlers and plate washers. Assay formats
originally developed in 96-well plates can, in general, be formatted into lower
assay volume, 384-well plates. Various detection technologies, such as prompt
fluorescence, time-resolved fluorescence, fluorescence resonance energy trans-
fer (FRET), fluorescence polarization, and luminescence have been used to
develop screens into 384-well formats. The choices today for various 384-well
plate types are now as broad as the options for 96-well plates, including tissue
culture—treated to support cell-based assays and plates with special coatings.
Overall efficiency gains using 384-well plates versus 96-well plates can reach
over twofold in assay throughput and lower requirements for reagent use.

A. 1536-Well Technologies

Current efforts have focused on even higher well densities and smaller assay
volumes (vide supra). Assay formats such as 1536 are gaining more acceptance
in the uHTS arena: initial promising results have been reported in 1-10 pl
assay volumes. High-density 1536-well plates can be used to screen 16 times
the number of compounds as the standard 96-well plate in the same convenient
footprint. As interest is generated in this format, instrument manufacturers will
provide the new technologies required to bring 1536-well plates to the level
where 96-well formats are today.

To assemble a 1536-well technology platform, a number of logistical
problems arise: compound handling, assay development, liquid handling, and
informatics. Each piece needs attention before this technology becomes com-
mon practice. Some of the key equipment components have been developed
and are currently commercially available. Assay plates with a working volume
of 4-10 .l can be purchased in a variety of plate types that can be used in many
standard assay designs. Plate readers also have been designed to read 1536-well
plates either one well at a time or using cooled charge-coupled device (CCD)
camera technology to image the entire plate. Field imaging using a cooled CCD
camera allows the entire plate to be imaged in a single step, which takes as lit-
tle as 100 ms, depending on the sensitivity required. Assays being developed
in these plates are moving away from colorimetric and radiochemical meth-
ods of detection toward highly sensitive techniques that involve fluorescence
polarization, prompt and time-resolved fluorescence, and chemiluminescence
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that can be rapidly quantified using imaging systems. Liquid handling issues
can be addressed using volumetric displacement instrumentation such as the
CyBio CyBiWell (Jena, Germany) and the Robbins Hydra (Sunnyvale, CA)
fixed tip syringe system. These instruments work well in the low microliter
volume range that requires contact dispensing for reagent delivery.162

An option to move to lower assay volumes but maintain the 1536-well
format is the commercially available Corning (Acton, MA) low-profile, wafer
plate. This plate type, which was designed in collaboration with Pharma-
copoeia, Inc. (Princeton, NJ), is optimal for CCD imagers because of its low
profile, which assures an optically thin sample that is less affected by shading
artifacts. Liquid handling issues using the Corning wafer, 1536-well plate have
been more of a challenge with working assay volumes of 1-1.5 l. Standard
liquid handling systems do not work well in dispensing submicroliter volumes
with contact dispensing. An alternative means of dispensing reagents into test
plates uses microdroplet, noncontact dispensing, for example, the PixSys3200
manufactured by Cartesian Technologies, Inc. (Irvine, CA). Using a modified
version of this system, it is possible to deliver assay reagents rapidly in volumes
from 100 nl to 2 wl per well across a 1536-well plate. Reagent dispensing can
take as little as 2 min per plate. Microdroplet dispensing has the advantage
that it minimizes the risk of cross-contamination during reagent dispensing.
A fluorescence-based, enzyme assay was reported recently that uses micro-
droplet, noncontact dispensing in which a 2 million-member combinatorial
compound collection was screened in a miniaturized, 1536-well, 1.5-pl assay

B. Summary

Manufacturers of plates, liquid handling systems, and plate readers that are
compatible with 384-well plates have contributed significantly to making this
transition possible. 384-well technologies have led to a significant decrease in
the number of assays being run in 96-well formats. For example, greater than
2 million compounds were screened against each of 29 biological targets over
the last year in our Company. Of these targets, 22 (76%) of the assays were
screened in 384-well format, whereas only 5 assays were run in 96-well plates.
Early in this process, the entire compound collection was reformatted from 96-
well to 384-well plates, resulting in an overall savings of greater than two-fold
in screening throughput times and compound/bioreagent requirements. The
remaining two assays were screened using the even higher density Corning
wafer 1536-well plates in a 1.5-pl assay volume. The assay development and
screening process for one of these assays is described in detail elsewhere.!63
A number of technology issues have been addressed concerning plates, liquid
handling systems, methods of detection, and automated data analysis. It is pos-
sible to format an entire million-compound collection into 1536-well plates.
With such ready availability, the number of assays that use this technology
will increase significantly.
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XIil. NONSEPARATION OR HOMOGENEOUS ASSAYS

The ability to run assays that require a separation step becomes limited as assay
volumes are reduced in higher density array plates. Therefore, “mix-and-read”
or homogeneous screening formats are essential to miniaturization, requiring
only a series of additions to perform the screen. Examples of homogeneous
assay formats that have been developed for low volume screens include prompt
fluorescence, FRET including time-resolved FRET, fluorescence polarization,
and laser scanning fluorimetry.

FRET has been developed successfully for several biological targets in
1536-well format. FRET occurs between two fluorescent molecules—a donor
and an acceptor. When these molecules are brought into close proximity,
the donor transfers its energy directly to the acceptor. The two fluorescent
molecule pairs are selected so that the emission wavelength of the donor over-
laps the excitation wavelength of the acceptor. If the donor and acceptor are
within close proximity to each other (generally less than 50 A), the fluorescence
is quenched through intermolecular energy transfer. This technology has been
developed successfully for protease enzyme assays including HIV protease!6#
and, in 1536-well plates, plasmepsin.l®> For each protease, a peptide sub-
strate separates the donor, 5-[(2’aminoethyl)amino]naphthalenesulfonic acid,
that is paired with the acceptor, 4-[[4'-(dimethylamino)phenyl]-azo]benzoic
acid. When the separation is disrupted through protease cleavage, an increase
in fluorescence intensity results. A variation of FRET, called time-resolved
FRET also has been developed in a homogeneous format. Helicase-mediated
DNA unwinding was monitored through energy transfer between a lanthanide
chelate as the fluor and tetramethyl rhodamine (TMR) as the lanthanide
quencher.16¢ The chelate was covalently linked to the free 5-amino terminus
of the oligonucleotide, whereas the quencher was attached on the 3’-amino
terminus of the complementary oligonucleotide. The emission energy from the
lanthanide chelate is quenched through nonradiative transfer to the proximal
TMR in the duplex substrate. Separation of the two complementary DNA
strands by helicase unwinding activity causes a cessation of the fluorescence
energy transfer and results in an increase in time-resolved fluorescence. Similar
assay performance was reported in 96-, 384-, and 1536-well formats.

Fluorescence polarization (FP) provides a convenient, highly sensitive
technology for homogeneous formats. When a fluorescently labeled, small
molecule ligand binds to a large molecule, its rotation slows, causing an
increase in fluorescence polarization as compared to the low polarization of
the unbound, freely rotating ligand. This change in fluorescence polariza-
tion between free and bound ligand can be used to quantify the binding
of small molecules to large molecules. Aquest (LJL, Sunnyvale, CA) and
Victor V (Perkin—-Elmer Life Sciences, Gaithersburg, MD) are commercially
available instruments that perform FP in 1536-well plates. A number of
homogeneous assays have been developed using fluorescence polarization to
monitor kinase!6” and protease!8 activity as well as peptide ligand binding to
G-protein coupled receptors.1? With currently available fluors, the upper limit
of molecular weight of small fluorescently labeled ligands is <5000 Da. Newer
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fluors with longer lifetimes are being developed to expand this molecular
weight range.

Applied Biosystems (Foster City, CA), in collaboration with Biometric
Imaging (Mountain View, CA), has developed an automated confocal imag-
ing system suited to homogeneous formats.!”? Fluorescent cells or beads are
detected as localized areas of concentrated fluorescence, whereas the unbound
fluorphore, which comprises the background signal, is ignored. This instru-
ment provides two emission channels centered at 685 nm to provide maximum
emission separation between the two fluorescent dyes, CyS and Cy5.5. This
separation allows two-color analysis to be performed and thereby permits
multiplexing of assays within a single well. Bead-based immunocapture assays
have been reported using an antigen capture antibody attached to the bead
and a second Cy$ antibody to quantify antigen capture. All assay reagents
are incubated together, instead of sequentially with wash steps as in a tradi-
tional enzyme-linked immunosorbent assay (ELISA). Furthermore, a standard
ELISA requires coating the entire well bottom with assay reagents, whereas in
bead-based immunocapture, only beads with much less surface area are coated,
resulting in a >100-fold reduction in reagent needs. The confocal imaging
system also can detect fluorescently labeled ligand binding to cell surface recep-
tors, thereby eliminating the use of traditional radioligands in binding assays.
The binding of a fluorescent peptide ligand can be accomplished in a one-step,
homogeneous format, eliminating the need to separate bound from free ligand.
Specific binding has been demonstrated for Cy35 labeled Neuropeptide Y (NPY)
bound to Chinese hamster ovary (CHO) K1 cells transfected with the Y1
and Y2 receptor subtypes, but not nontransfected cells. Because this scanning
platform generates 1-mm? images of the well bottom, both 96- and 384-well
homogeneous assays work equally well. Further instrument modifications are
ongoing to make this technology suitable for 1536-well formats.

XIV. IDENTIFICATION OF RECEPTOR ANTAGONISTS FOR CHEMOKINE RECEPTOR AND
BRADYKININ-1 BY SCREENING A 150,000-MEMBER COMBINATORIAL LIBRARY

Inclusion of subtly different substituents in a combinatorial library may
increase its size substantially as well as increase the probability of finding an
active compound. Therefore, the larger is the library, the higher is the sampling
density of diversity space. To illustrate this point, a case study is presented
where two G protein coupled receptor targets are screened against a large
combinatorial library (~150,000 members). Activity was observed in only a
small portion of this library, demonstrating that subtle differences in chemi-
cal structure can lead to active compounds. High-throughput screening was
conducted on this library to identify antagonists of the chemokine receptor,
CXCR2, and the bradykinin-1 (BK-1) receptor subtype. Solid phase library
synthesis was performed using encoding technology to provide a means of
efficiently defining each member of this 150,000-member library.!®: 1¢ This
encoding process allows structural assignment of active compounds identified
in the high-throughput screens (Fig. 6).171:172
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- FIGURE 6 Frequency of each substituent at R1, R2, R3, and R4 in structures active against CXCR2
(upper panel) and BK-1 (lower panel). Active structures predicted from the encoded library, against
either CXCR2 or BK-1| receptors, are evaluated in terms of substituents at each point of variation. The
frequency with which each substituent is found in the active structures is indicated in comparison to all
other possibilities at that position: Rl = 31; R2 = 31; R3 = 4; R4 = 38.

The initial screening against the CXCR2 and BK-1 receptors was per-
formed in a 96-well plate format at approximately 20 compounds per well,
where 50% of the bead eluate was removed and used in the biological
assay. Once an active well was identified, the bead mixtures corresponding
to that well were arrayed at one bead per well and the remaining compound
was eluted. The individual compounds were rescreened to identify the active
compound from each original mixture. The bead that contained the active
compound was then analyzed to identify the encoding molecules and to assign
the chemical structure. Because the split synthesis strategy results in a random
population of beads, screening of individual compounds is statistical. Screen-
ing three copies of the library or 450,000 compounds results in over 95% of
all compounds in the library being evaluated at least once and many members
being screened multiple times.

The 150,000-member combinatorial library was designed with a core
structure that contains four points of variation. This library was constructed
with 31 possible substituents at R1, 31 at R2, 4 at R3, and 38 substituents
at R4. Using the preceding screening paradigm, the CXCR2 receptor was
screened against the 150,000-member library, resulting in the identification
of 17 actives, 8 of which are unique. Thus the overall hit rate for this col-
lection was only 0.005%. By examining the frequency of occurrence of each
substituent at each point of variation for the active compound set, regional
structural bias for a biological target can be ascertained. The graph in Figure 6
plots the distribution and frequency of substituents at the R1, R2, R3, and
R4 positions of the structures active against the CXCR2 receptor. Of note, in
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the case of three of the four substituents identified in the screen, only a single
choice among all possibilities appeared in the active set, indicating that a lim-
ited structural motif was accepted by this receptor. One of these compounds
was resynthesized and shown to inhibit IL-8 binding to the CXCR2 receptor
with a K; value of 500 nM. No cross-reactivity with the closely related CXCR1
receptor (77% amino acid identity) was observed with this compound. Fur-
ther optimization of the lead series resulted in a 10-fold increase in activity
and demonstrated efficacy in a CXCR2-dependent animal model. Compounds
that have high Caco-2 cell permeability have been developed using an internal
Pharmacopoeia absorption prediction model.160

BK-1 selective receptor antagonists also were identified from this 150,000-
member library using similar screening strategies.!”3 Like CXCR2 activity, the
resulting SAR was very tight, with a hit rate of 0.013% that identified 20
closely related structures. Three structures were chosen for resynthesis: the
most potent yielded a K; value of 200 nM at the BK-1 receptor. This compound
was shown to be inactive at the BK-2 receptor subtype. Exploration of the lead
series through parallel synthesis resulted in a selective BK-1 receptor antagonist
with enhanced potency (3 nM). Further studies indicated that this series of
BK-1 antagonists show in vivo efficacy in a BK-1 receptor dependent primate
animal model.

Clear differences in structural bias are seen for compounds active at the
BK-1 and CXCR2 receptors, even though activity was identified in the same
library. Substituent preferences at each point of variation for the active BK-1
versus CXCR2 compound set illustrate the structural bias for each biolog-
ical target (Fig. 7). For CXCR2, single synthons at R2, R3, and R4 were
identified with synthon preferences corresponding to the numbers 6, 2, and
35, respectively. In contrast, BK-1 greatly preferred synthons 8 and 11 at R2,
synthon 1 at R3, and synthon 33 at R4, indicating clear distinction in struc-
tural bias between these two receptors. Furthermore, diversity analysis of the
library and the positioning of the active structures in diversity space demon-
strated that although activity for BK-1 and CXCR2 was identified from the
same library, the active compounds fall within nonoverlapping space. Even by
expanding the number of compounds through medicinal chemistry efforts, the
active compounds still occur in nonoverlapping diversity space. Furthermore,
a detailed analysis of the clustered areas indicates that many structures with
similar diversity parameters lie within these regions, but are inactive at their
respective receptors. Thus, similarity in structure does not ensure activity even
within a single library.

These two case studies illustrate that the screening of combinatorial chem-
ical libraries allows identification of lead compounds against biological targets
with strict structural requirements. For those targets with limited structure-
based information, the use of large combinatorial libraries, constructed with
no bias for the biological target, provides a means to identify novel classes of
compounds. Encoding technologies offer the advantage of designing libraries
with large numbers of compounds and, therefore, significantly accelerate the
pace with which new lead structures are identified. The screening results for
CXCR2 and BK-1 demonstrate a relatively narrow SAR when screened against
a 150,000-member library. The active structures identified for CXCR2 con-
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5%

- FIGURE 7 The 150,000-member library was plotted in diversity space using a 5% sampling of the
entire library. The darker circles in the lower right portion of the figure represent decoded, active struc-
tures identified in the screen for CXCR?2 along with analogues generated through medicinal chemistry
efforts. The gray circles represent active structures and analogues shown to be active for BK-1.

tained a single substituent in three of the four R groups. The high degree
of selectivity toward a small number of substituents at a given R group sug-
gests that if this library were constrained in size by even ~4000 compounds
(2.6%), the active pharmacophore may not have been identified. Improved
odds of identifying structures active against these biological targets occurred
by increasing the sampling density of diversity space. Thus, uncovering sub-
tle features in SARs against a particular target may involve the screening of
large libraries, but, in the end, will increase the likelihood of finding an active
compound.

To ensure maximal diversity, compound collections, in general, are grow-
ing at a significant rate. As more combinatorial libraries contribute to these
collections and numerous new biological targets become available through
genomics efforts, the challenge then becomes to design efficient methods
to characterize members of these libraries for biochemical and functional
activities. The use of encoding technology provides a means to synthesize
large libraries (20,000-100,000 compounds), resulting in collections of over
2 million compounds being standard. The bottleneck in this process then
becomes developing new HTS technologies to handle adequately the number
of compounds that are available for assay against any one target.

XV. STRUCTURE-BASED DESIGN OF SOMATOSTATIN AGONISTS

Combinatorial libraries with no a priori structural bias for a particular bio-
logical target can be used to identify lead structures and provide significant
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structural information that can be used for further compound optimization
through design of subsequent focused libraries. Similarly, when structural
knowledge of the target is available, this information can serve as a starting
point for focused library synthesis. This approach was used successfully to
identify subtype specific, nonpeptide agonists of the somatostatin receptor.161
Combinatorial libraries were constructed on the basis of molecular modeling
of known peptide agonists. The pharmacophore was identified as a tripar-
tite in structure with an aromatic ring, a tryptophan nucleus, and a diamine
moiety, making it amenable to combinatorial chemistry synthesis. A library
of approximately 130,000 compounds was synthesized with 79 different sub-
stituents representing the aromatic moiety, 20 substituents for the Trp—amino
acid moiety, and 20 diamines (79 x 20 x 20). Screening of this library was
performed against the five known subtypes of the somatostatin receptor, sst1,
sst2, sst3, sst4, and sst5. Active compounds were chosen based on potency
and receptor subtype selectivity profile. The identity of each subtype selective
compound present in active mixtures was determined using an iterative decon-
volution process with resin archived from each step of the original synthesis.
A selective and potent class of lead structures was identified from this initial
library that served as a template in the design of a second more complex library
(21 x 22 x 147). Receptor binding data generated from the first two libraries
were used in the design of two additional libraries of aryl-indole compounds.
Through this sequential approach in library design it was possible to generate
high affinity, subtype selective agonists for each of the five somatostatin recep-
tors. These compounds were then used to dissect the functions of the individual
receptors, thus demonstrating the role of sst2 in inhibition of glucagon release
from pancreatic a-cells and sst5 receptor as a mediator of insulin secretion
from pancreatic g cells.

XVI. CONCLUSIONS

Innovations in combinatorial chemistry have enabled the synthesis of large
collections of libraries, which have led to the current efforts in developing
methods capable of screening these compounds. Assay miniaturization has
allowed assay screening throughput to dramatically increase in recent years.
Miniaturization has resulted in a reduction in cost per well in terms of man-
power, time to complete the screening cycle, and reduced requirements for
compound and assay reagents. As HTS identifies more leads, efforts will focus
on relieving downstream bottlenecks in drug adsorption, metabolism, and tox-
icology. Consideration of druglike properties present in the library members
during library design is one of the initial steps that can be taken to enhance
the quality of leads identified from HTS. As computational and experimental
procedures for ADME/toxicology improve, the identification of problematic
leads earlier in the drug discovery process will be possible. Taken together,
innovations in chemical synthesis and library design, coupled with screening
and bioinformatics technology, will help greatly to decrease drug development
times and costs.
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I. INTRODUCTION

The normal route of administration for most pharmaceutically active agents is
through the use of solid dosage forms,! and these units are ordinarily produced
by the formulation and processing of powdered solids.? Until fairly recently,
the priority of regulatory bodies has always focused on concerns of safety
and efficacy, which led to an overwhelming emphasis on aspects of chemi-
cal purity. This situation has changed drastically over the past decade, with
an ever-increasing degree of attention being given to the physical properties
of the solids that compromise a dosage form.3 Ignoring the physical aspects
of a formulation can be disastrous, because a variety of solid-state reactions
can compromise the stability of a drug entity in its tablet matrix.!# Often the
pathways of these reactions can be dramatically different compared with how
the same reaction proceeds in the liquid or gaseous phase.®

The acquisition of a sufficiently detailed body of physical information
can allow a formulator to transcend an ability to cope with unanticipated
crises. For a well-understood system, it is theoretically possible to design an
automated or semiautomated manufacturing scheme for which the processing
variables are appropriately controlled and the possibility of batch failure is,
hence, minimized. Materials that pass the hurdles of physical test specifications
would perform predictably and could, therefore, be blended, granulated, dried,
compressed, and delivered into containers without operator intervention. It
is presently recognized that to avoid problems during drug development, the
physical characterization of bulk drugs, excipients, and blends of them should
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become part of the normal process. The degree of physical testing necessarily
will vary with the particular formulation, but should include any and all test
methods deemed appropriate.

A systematic approach to the physical characterization of pharmaceuti-
cal solids has been outlined3-® and serves as a useful pedagogical device for
the classification of the many methods of physical characterization available.
Within this system, physical properties are classified as being associated with
the molecular level (those associated with individual molecules), the particu-
late level (those pertaining to individual solid particles), or the bulk level (those
associated with an assembly of particulate species).

One of the areas where the physical characterization of solids has become
extremely important is the study of polymorphs and solvatomorphs. The
nature of the crystal structure adopted by a given compound upon crystal-
lization exerts a profound effect on the solid-state properties of that system,
and that these variations can translate into significant differences in properties
is of pharmaceutical importance. It is now accepted that an evaluation of the
polymorphism available to a drug substance must be thoroughly investigated
early during the stages of development. The results of these studies must be
included in the chemistry, manufacturing, and control section of a new drug
application, and such information is required to demonstrate control over the
manufacturing process.

Il. PROPERTIES ASSOCIATED WITH THE MOLECULAR LEVEL

Molecular properties may be defined as those material characteristics that the-
oretically can be measured for a small ensemble of individual molecules. Due to
the minimal sample requirements, molecular properties are often determined
at the earliest stages of drug development. Most of the molecular level tech-
niques are spectroscopic in nature, but insofar as they are influenced by the
physical state of the substance, substantial information of great use to formula-
tors can be obtained from appropriately designed experiments. For example, a
screening of stressed materials can be carried out on the microgram level using
infrared microscopy,” and the results of such work aid the preformulation
characterization of a new chemical entity.

A. Ultraviolet/Visible Diffuse Reflectance Spectroscopy

With the exception of single-crystal transmission work, most solids are too
opaque to permit the conventional use of ultraviolet/visible (UV/VIS) electronic
spectroscopy. As a result, such work must be performed using diffuse reflection
techniques.®~10 Studies have been conducted where UV/VIS spectroscopy was
used to study the reaction pathways of various solid-state reactions. Other
applications have been made in the fields of color measurement and color
matching, areas that can be of considerable importance when applied to the
coloring agents used in formulations.

It was recognized some time ago that diffuse reflectance spectroscopy is a
very useful tool for the study of interactions among various formulation com-
ponents, and the technique has been successfully used in the characterization
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of many solid-state reactions.!! Investigations conducted under appropriately
designed stress conditions have been useful in the study of drug-excipient inter-
actions, drug degradation pathways, and alterations in bioavailability owing
to chemisorption of the drug onto other components in the formulation.

Jozwiakowski and Connors'? used diffuse reflectance spectroscopy to
study the adsorption of spiropyrans onto pharmaceutically relevant solids.
The particular adsorbants studied were interesting in that the spectral char-
acteristics of the binary system depended strongly on the amount of material
bound. At low concentrations, the pyran sorbant exhibited its main absorption
band around 550 nm. As the degree of coverage was increased, the 550-nm
band was still observed, but a much more intense absorption band at 470 nm
became prominent. This secondary effect was attributed to the presence of
pyran—pyran interactions, which became more important as the concentration
of sorbant increased.

The perception of color is subjectively developed in the mind of an indi-
vidual and, consequently, different people can perceive a given color in various
ways. Such variability in interpretation causes great difficulty in the evaluation
of color-related phenomena, leading to problems in making objective judg-
ments. The development of quantitative methods for color determination was
undertaken to eliminate the subjectivity associated with visual interpretative
measurements.

The most successful quantitative expression of color is that known as the
Commission Internationale de I’Eclairage (CIE) system.'3 This methodology
assumes that color can be expressed as the summation of selected spectral
components (blue, green, and red hues) in a three-dimensional manner. The
CIE system is based on the fact that human sight is trichromatic in its color
perception and that two stimuli will produce the same color if each of the three
tristimulus values (X, Y, and Z) is equal for the two. Detailed summaries of the
CIE and other quantitative systems for color measurement are available.!* 15

In a recent application, the appearance testing of tablets through mea-
surement of color changes was automated using fiber optic probes and factor
analysis of the data.!® Good correlation between measured chromaticity
parameters and visual subjective judgment was demonstrated, with sam-
ples of differing degrees of whiteness being used to develop the correlation.
The methodology was complicated because surface defects on the analyzed
materials can compromise the quality of the correlation.

B. Vibrational Spectroscopy

The energies associated with the fundamental vibrational modes of a chem-
ical compound lie within the range of 400-4000 cm~!, a spectral region
that corresponds to mid-infrared electromagnetic radiation. Transitions among
vibrational energy levels can be observed directly through their absorbance in
the infrared region of the spectrum; Fourier-transform infrared spectroscopy
(FTIR) is now the method of choice. In addition, these transitions also can be
observed using Raman spectroscopy, where the inelastic scattering of incident
energy is used to obtain vibrational spectra. Overtones and combination bands
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of vibrational modes are observed in the near-infrared region of the spectrum
(4000-13,350 cm~1).

Infrared (IR) absorption spectroscopy, especially measured by FTIR, is
a powerful technique for the physical characterization of pharmaceutical
solids.!” When the structural characteristics of a solid perturb the pattern of
vibrational motion for a given molecule, these alterations can be used as a
means to study the solid-state chemistry of the system. FTIR spectra often are
used to evaluate the type of polymorphism that exists in a drug substance and
can be very useful to study the water contained within hydrate species. Solid-
state IR absorption spectra often are obtained on powdered solids through
the combined use of FTIR and diffuse reflectance detection, and interpreted
through conventional group frequency compilations.!$

When the vibrational modes of a compound are affected by fine details of
molecular structure (i.e., polymorphism), the diffuse reflectance IR spectra of
the polymorphs can be used to study this behavior. For example, glisentide has
been obtained in a number of polymorphic and solvatomorphic forms, with
the anhydrous forms I and II exhibiting large differences in infrared spectra.!’
The IR spectra of forms I and II are shown in Figure 1, where it can be noted
that two bands assigned to the urea carbonyl group are found at 1635 and
1545 cm™! in form I and at 1620 and 1545 cm™! in form IL. In addition,
the shoulder that is present in both forms is more intense in the spectrum of
form II. The S=O stretching band is observed at 1157 cm™1 in the spectrum
of form I, but for form II it shifts to 1165 cm™!. Another observation is that
the aromatic carbonyl group at 1720 ecm™1! is present in both spectra, but is
broadened in the case of form II. It ultimately was deduced that the polymor-
phism of glisentide probably is due to changes in crystal packing rather than
conformational differences.

Another technique of vibrational spectroscopy that is ideally suited for
characterization of solids is Raman spectroscopy. In this methodology, the
sample is irradiated with monochromatic laser radiation, and the inelastic
scattering of the source energy is used to obtain a vibrational spectrum of the
analyte.2 Because most compounds of pharmaceutical interest are of low sym-
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I FIGURE | Infrared absorption spectra of glisentide: upper trace, form |; lower trace, form Il. The

data were adapted from reference 19.
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metry, the Raman spectrum generally resembles the spectrum obtained using
the FTIR method. Owing to the fundamentally different selection rules asso-
ciated with the phenomenon, differences in peak intensity are often observed.
In general, symmetric vibrations and nonpolar groups yield the most intense
Raman scattering bands, whereas antisymmetric vibrations and polar groups
yield the most intense infrared absorption bands.

For instance, Raman spectroscopy was used to study the effect of pressure
and temperature on the phase composition of fluoranil crystals.2! Figure 2
shows the Raman spectra obtained at a series of increasing pressures, where
the changes in band frequency indicate the existence of pressure-induced phase
transitions. It was deduced from sharp discontinuities in the Raman spectra
that a phase transition took place at a temperature of around 180 K if the
pressure was 1 atm, but that this transition shifted to 300 K if the pressure was
increased to 0.8 GPa. Other work indicates that this particular phase transition
does not entail a change in the crystal space group, but involves displacement
within the unit cell.

A broad range of applications is possible when using near-IR spectroscopy,
but the nature of the problems ordinarily addressed by this methodology is
somewhat different than those just described.?? Near-IR spectra consist of
overtone transitions of fundamental vibrational modes and are not, there-
fore, generally useful for identity purposes without the use of multicomponent
analysis. The spectral features are of greatest utility in the detection and
determination of functional groups that contain unique hydrogen atoms. For
example, studies of water in solids can be easily performed through system-
atic characterization of the characteristic —OH band, usually observed around
5170 cm~1. The determination of hydrate species in an anhydrous matrix can
be performed easily using near-IR analysis.

The near-IR technique has been used very successfully for moisture deter-
mination, whole tablet assay, and blending validation.2> These methods are
typically easy to develop and validate and far easier to run than more tradi-
tional assay methods. It is possible to use the overtone and combination bands
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B FIGURE 2 Raman spectra obtained at 300 K for crystalline fluoranil at pressures of (a) | atm,
(b) 0.5 GPa, (c) 1.4 GPa, and (d) 2.4 GPa. The data were adapted from reference 21.
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of water to develop near-IR methods that have accuracy equivalent to that
obtained using Karl-Fischer titration. The distinction among tablets of dif-
fering potencies is performed very easily and, unlike high-performance liquid
chromatography (HPLC) methods, does not require destruction of the analyte
materials to obtain a result.

C. Magnetic Resonance Spectrometry

The ultimate molecular level characterization of a pharmaceutical material is
performed on the level of individual chemical environments of each atom in
the compound, and this information is best obtained using nuclear magnetic
resonance (NMR) spectroscopy. Advances in instrumentation and computer
pulse sequences currently allow these studies to be carried out routinely in the
solid state.2* Although any nucleus that can be studied in the solution phase
also can be studied in the solid state, most work has focused on 13C studies.
'H-NMR remains an extremely difficult measurement in the solid state, and
the data obtained from such work can be obtained only at medium resolution.
The main problem is that TH-NMR has one of the smallest isotropic chemical
shift ranges (12 ppm), but has peak broadening effects that can span several
parts per million in magnitude.

The local magnetic field (By,.) at a 13C nucleus in an organic solid is given
by

Bioc = £{hyn/47}{(3 cos” 6 — 1)/r)

where yp is the magnetogyric ratio of the protons, 7 is the internuclear C-H
distance to the bonded proton, and 6 is the angle between the C—H bond and
the external applied field (B,). The plus/minus (%) sign results from the fact
that the local field may add to or subtract from the applied field, depending on
whether the neighboring proton dipole is aligned with or against the direction
of Bo. In a microcrystalline organic solid, there is a summation over many val-
ues of 6 and r that results in a proton dipolar broadening of many kilohertz.
A rapid reorientation of the C-H internuclear vectors (such as those associated
with the random molecular motions that take place in the liquid phase) results
in reduction of the dipolar broadening. In solids, such rapid isotropic tumbling
is not possible, but because the term (3 cos? 6 — 1) equals zero if 6 equals cos ™!
3-1/2 (approximately 54°44'), spinning the sample at the so-called magic angle
of 54°44’ with respect to direction of the applied magnetic field results in an
averaging of the chemical shift anisotropy. In a solid sample, the anisotropy
reflects the chemical shift dependence of chemically identical nuclei on their
spatial arrangement with respect to the applied field. Whereas this anisotropy
is primarily responsible for the spectral broadening associated with 3C sam-
ples, spinning at the magic angle makes it possible to obtain high-resolution
I3C-NMR spectra of solid materials.

An additional method for removal of 13C-1H dipolar broadening is to
use a high-power proton decoupling field, often referred to as dipolar decou-
pling. This method involves irradiation of the sample using high power at an
appropriate frequency, which results in the complete collapse of all 13C-1H
couplings. With proton dipolar coupling alone, the resonances in a typical
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solid-state 13C spectrum remain very broad (on the order of 10-200 ppm).
This broadening arises from the fact that the chemical shift of a particular car-
bon is directional, depending on the orientation of the molecule with respect
to the magnetic field.

Even though high-resolution spectra can be obtained on solids using the
magic angle spinning (MAS) technique, the data acquisition time is lengthy
due to the low sensitivity of the nuclei and the long relaxation times exhib-
ited by the nuclei. This problem is circumvented using cross polarization
(CP), where spin polarization is transferred from the high-abundance, high-
frequency nucleus (1H) to the rare, low-frequency nucleus (13C). This process
results in up to a fourfold enhancement of the normal 13C magnetization, and
permits a shortening of the waiting periods between pulses. The CP experiment
also allows the measurement of several relaxation parameters that can be used
to study the dynamic properties of the solid under investigation.

When the crystallography of compounds related by polymorphism is such
that nuclei in the two structures are magnetically nonequivalent, it follows
that the resonances of these nuclei are not equivalent. Whereas it is nor-
mally not difficult to assign organic functional groups to observed resonances,
solid-state NMR spectra can be used to deduce the nature of polymorphic vari-
ations, especially when the polymorphism is conformational in nature. Such
information has proven to be extremely valuable during various stages in the
development of numerous pharmaceutical substances.>’

During the development of fosinopril sodium, a crystal structure was
solved for the most stable phase, but no such structure could be obtained for
its metastable phase.2® The compound contains three carbonyl groups, and the
solid-state 13C-NMR spectra (see Fig. 3) of two of these are effectively equiva-
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Bl FIGURE 3 Solid-state 3C-NMR spectra obtained within the carbonyl region of fosinopril sodium:
upper trace, form A; lower trace, form B. The data were adapted from reference 26.
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lent. The third carbonyl, located on the acetal side chain, was found to resonate
at different chemical shifts in the two structures. When combined with the
observations obtained using vibrational spectroscopy, these results permitted
the deduction that the solid-state polymorphism was associated with different
conformations of this side chain. The NMR data also suggested that additional
conformational differences between the two polymorphs were associated with
cis—trans isomerization along the peptide bond, which in turn results in the
presence of nonequivalent molecules existing in the unit cell. In the absence of
solved crystal structures for the two polymorphs, this information would not
have been otherwise obtainable.

The solid-state 13C-NMR spectra of the two polymorphs of furosemide
revealed the existence of altered chemical shifts and peak splitting patterns
indicative of differences in molecular conformations.2” In this work, studies of
Ty, relaxation times were used to show the presence of more molecular mobil-
ity and disorder in form II, whereas the structure of form I was judged to be
more rigid and uniformly ordered. During a solid-state spectroscopic study of
the polymorphs of losartan, it was deduced that the spectral characteristics of
form I implied the presence of multiple orientations for the n-butyl side chain
and the imidazole ring.28 It was also concluded that form II was characterized
by a large molecular motion of the #-butyl side chain.

Not all polymorphism originates from conformational requirements, and
many polymorphic situations exist because of different modes of molecular
packing in the solid-state structures. For example, the two polymorphs of
enalapril maleate exhibit very similar molecular conformations (as evidenced
by the similarity in spectral characteristics), and the observed differences
in crystal structure, therefore, are attributed to different modes of crystal
packing.2? Sufficient differences in the solid-state 13C-NMR spectra of the four
polymorphs of sulfathiazole were observed to enable the use of this technique
as an analytical tool, but these differences could not be ascribed to differences
in molecular conformations among the polymorphs.39

Solid-state NMR spectroscopy also can be used to study the molecular
environments of nuclei because these environments vary in the differing struc-
tures associated with solvates and hydrates. One anhydrate (form «) and two
polymorphic monohydrate phases (forms 8 and §) of testosterone have been
crystallographically characterized and the solid-state 13C-NMR spectra have
been obtained for each.3! The analysis of the spectra was complicated by the
observation that many carbons of a given form resonate as doublets, reflecting
the situation that more than one molecular type exists within the unit cells.
In a subsequent study, solid-state 13C-NMR spectra were obtained on the
anhydrate and monohydrate phases of androstanolone (a known metabolite
of testosterone).32 The spectra obtained within the aliphatic carbon region
for the two forms are shown in Figure 4, where many doublets (arising
from incongruences in the unit cell) were found in the anhydrate spectrum.
In the monohydrate phase, no such doubling was observed because the two
molecules present in the unit cell are related by symmetry and, consequently,
are magnetically equivalent.
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- FIGURE 4 Solid-state '3C-NMR spectra obtained within the aliphatic carbon region of the anhydrate
(upper trace) and monohydrate (lower trace) forms of androstanolone. The data were adapted from
reference 32.

Ill. PROPERTIES ASSOCIATED WITH THE PARTICULATE LEVEL

Particulate properties are defined as those material characteristics that effec-
tively can be determined by the analysis of a relatively small ensemble of
particles. Because the sample requirements for these assay methods are not
extravagant, these properties often are also studied during early development
once the drug substance is available in at least milligram quantities.

A. Microscopy

Evaluation of the morphology of a pharmaceutical solid is of extreme impor-
tance, because this property exerts a significant influence over the micromeritic
and bulk powder properties of the material.33-34 Microscopy is also useful as
a means to obtain estimations of the particle size distribution in a powdered
sample. A determination can be easily made regarding the relative crystallinity
of the material, and skilled workers can deduce crystallographic information as
well. Unknown particulates often can be identified solely based on their micro-
scopic characteristics, although it is useful to obtain confirmatory support for
these conclusions with the aid of microscopically assisted techniques.

Both optical and electron microscopies are widely used to characterize
pharmaceutical solids. Optical microscopy is limited to the range of mag-
nification suitable for routine work, that is, an approximate upper limit of
600x. However, this magnification limit does not preclude the investigation
of most pharmaceutical materials, and the use of polarizing optics introduces
a power into the technique that is not available with other methods. Electron
microscopy work can be performed at extraordinarily high magnification lev-
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els (up to 90,000x on most units), and the images that can be obtained contain
a considerable degree of three-dimensional information.

The two microscopy methods are complementary in that each can pro-
vide information inaccessible to the other. When these techniques are used in
conjunction, substantial characterization of a solid material becomes possi-
ble. This information can be extremely useful during the early stages of drug
development, because normally only a limited amount of the drug candidate
is available at that time. Electron microscopy yields excellent topographic and
shape information, and is most useful in forensic situations that involve trace
evidence characterization and identification. Light microscopy is most useful
to obtain information on the internal properties of small particles, fibers, and
films. When polarizing optics are used in light microscopy, the optical proper-
ties of the crystals under investigation also can be determined.?? In that case,
molecular (rather than elemental) information can be obtained on the analyte.
The methodology for microscopic analysis is being standardized by the United
States Pharmacopoeia.?

In the study of solids, probably the most useful light microscopy tech-
nique involves the use of polarizing optics.>® The polarizing microscope is
essentially a light microscope equipped with a linear polarizer located below
the condenser and an additional polarizer mounted on top of the eyepiece. A
rotating stage is also found to be very useful, as is the ability to add other opti-
cal accessories (such as phase contrast). Polarization optical analysis is based
on the action of the analyte crystal on the properties of the transmitted light.
This method can yield several directly measured parameters, such as the sign
and magnitude of any observed birefringence, the refractive indices associated
with each crystal direction, the axis angles, and the relationships among the
optical axes.

The refractive index of light passing through an isotropic crystal will be
identical along each of the crystal axes and such crystals, therefore, possess sin-
gle refraction. Anisotropic substances will exhibit different refractive indices
for light polarized with respect to the crystal axes, thus exhibiting double
refraction. Crystals within the hexagonal and tetragonal systems possess one
isotropic direction and are termed uniaxial. Anisotropic crystals that possess
two isotropic axes are termed biaxial and include all crystals that belong to
the orthorhombic, monoclinic, or triclinic systems. Biaxial crystals will exhibit
different indices of refraction along each of the crystal axes.

Isotropic samples are characterized by the existence of equivalent crys-
tal axes; therefore, they exhibit isotropic extinction and have no effect on the
polarized light no matter how the crystal is oriented. When a sample is capable
of exhibiting double refraction, the specimen will appear bright against a dark
background. For example, when a uniaxial crystal is placed with the unique ¢
axis horizontal on the stage, it will be alternately dark and bright as the stage
is rotated. Furthermore, the crystal will be completely dark when the ¢ axis is
parallel to the transmission plane of the polarizer or analyzer. If the crystal has
edges or faces parallel to the ¢ axis, then it will be extinguished when such an
edge or face is parallel to one of the polarizer directions—a condition known
as parallel extinction. At all intermediate positions, the crystal will appear light
and usually colored. A rhombohedral or pyramidal crystal will be extinguished
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when the bisector of a silhouette angle is parallel to a polarization direction,
and this type of extinction is termed symmetrical extinction. For biaxial crys-
tals, similar results are obtained as with uniaxial crystals. The exception to
this rule is that in monoclinic and triclinic systems, the polarization directions
need not be parallel to faces or to the bisectors of face angles. If the promi-
nent faces or edges of an extinguished crystal are not parallel to the axes of
the initial polarizer, the extinction is said to be oblique. Knowledge of the type
of extinction therefore permits determination of the system to which a given
crystal belongs.

The ability to observe optical properties of crystals during heating and
cooling processes is termed thermal microscopy, and this can be a profoundly
useful technique during the study of polymorphs and solvatomorphs.3¢:37
Crystal polymorphs ordinarily exhibit different melting points, and the order
of the melting points is indicative of the order of stability at the elevated tem-
perature condition. The interconversion of such crystal forms is classified as
either enantiotropic or monotropic, according to whether the transformation
of one modification into the other is reversible. Enantiotropic modifications
interchange reversibly at the ordinary transition point, and each form is char-
acterized by its own stability range of temperature. Monotropic substances
are characterized by the existence of a purely hypothetical transition point,
because this point is predicted to be higher in temperature than the melting
point of one of the polymorphic forms. Monotropic polymorphs are charac-
terized by the fact that one form is stable at all temperatures below its melting
point, whereas the second form is metastable at all temperatures.3*

Scanning electron microscopy (SEM) is the technique of choice to obtain
information at high magnification levels or when a three-dimensional view of
a particle surface is required. A conventional SEM is similar to an inverted
light microscopy in that the source lies above the specimen, the interrogating
electron beam is focused by a series of lenses, and the image is constructed
on the basis of scattered electromagnetic radiation. Samples are usually coated
with conductive materials to reduce the deleterious effects of surface charg-
ing, although newer systems are not necessarily limited in this regard. SEM
analysis is often combined with x-ray analysis, whereby maps of the elemental
distribution within a heterogeneous sample may be obtained.

The morphology of excipient materials plays an important role is their
physical properties, which in turn affects their application as formulation
ingredients. One rather comprehensive study linked morphology and func-
tionality of 14 direct compression excipients, and SEM analysis was the
technique employed throughout.3® For instance, croscarmellose is a polymeric
substance that is commonly used in solid dose forms as a disintegrant. When
the substance is produced as an ensemble of short fibers, improved flowabil-
ity characteristics and good blending ability are obtained without adversely
affecting the disintegrant properties.

In another particularly interesting application, SEM analysis was used
to study the growth of carbamazepine crystals on the surface of tablets that
had been stored at elevated temperatures.>® This crystal growth was found to
take place only when stearic acid was used as the tablet lubricant, and it was
shown in this work that the carbamazepine drug substance could dissolve in
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the stearic acid. The lubricant provided a mechanism to transport the drug to
the tablet surface, where it could crystallize.

B. X-Ray Diffraction

The technique of x-ray diffraction is exceedingly important to pharmaceutics
because it represents the primary method for obtaining fundamental struc-
tural information on crystalline substances. For example, it is only by pure
coincidence that two compounds form crystals in which the three-dimensional
spacing of planes is identical in all directions. One such example is provided
by the trihydrate phases of ampicillin and amoxicillin,*® but such instances
are uncommon. Typical applications of x-ray diffraction methodology include
the determination of crystal structures, evaluation of polymorphism and sol-
vate structures, evaluation of degrees of crystallinity, and the study of phase
transitions.

Bragg and Bragg*! explained the diffraction of x-rays by crystals using
a model where the atoms of a crystal are regularly arranged in space and
where they can be regarded as lying in parallel sheets separated by a definite
and defined distance. Then they showed that scattering centers arranged in a
plane act like a mirror to x-rays incident on them, so that constructive inter-
ference occurs for the direction of specular reflection. Within a given family
of planes, defined by a Miller index of (hkl) and where each plane is sepa-
rated by distance d, each plane produces a specular reflectance of the incident
beam. If the incident x-rays are monochromatic (having wavelength equal to
A), then for an arbitrary glancing angle of 6, the reflections from successive
planes are out of phase with one another. This yields destructive interference
in the scattered beams. However, by varying 6, a set of values for 6 can be
found so that the path difference between x-rays reflected by successive planes
is an integral number () of wavelengths and then constructive interference
occurs. Ultimately the expression known as Bragg’s law, which explains the
phenomenon, is obtained.

2dsin6 = na

Unlike the case of diffraction of light by a ruled grating, the diffraction of x-
rays by a crystalline solid leads to the observation of constructive interference
(i.e., reflection) that occurs only for the critical Bragg angles. When reflec-
tion does occur, it is stated that the plane in question is reflecting in the nth
order or that nth order diffraction is observed for that particular crystal plane.
Therefore, an x-ray scattering response is observed for every plane defined by
a unique Miller index of (hkl).

The analysis of single-crystal x-ray diffraction data is divided into three
parts.*2-43 The first of these is the geometrical analysis, where the exact spatial
distribution of x-ray reflections is measured and used to compute the size and
shape of a unit cell. The second phase entails a study of the intensities of the
various reflections, using this information to determine the atomic distribution
within the unit cell. Finally, the x-ray diagram is examined to deduce qualita-
tive information about the quality of the crystal or the degree of order within
the solid. This latter analysis permits the adoption of certain assumptions that
aid in the solution of the crystalline structure.
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The phenomenon of x-ray diffraction has found widespread use as a
means to determine the structures of single crystals, and it represents the
most powerful and direct method for obtaining bond lengths and bond angles
for molecules in the solid state. This information is of extreme importance
to workers in pharmaceutics when they encounter the existence of polymor-
phism (the ability of a molecule to crystallize in more than one structure of
the same degree of solvation) or solvatomorphism (the ability of a molecule
to crystallize in different structures that in turn differ in their solvation states).
Generally, these effects can be explained by invoking one of two possibilities. If
the molecule is constrained to exist as a rigid grouping of atoms, these atoms
may be stacked in different motifs to occupy the points of different lattices.
This type of polymorphism is then attributable to packing phenomena, and
so is termed packing polymorphism. On the other hand, if the molecule in
question is not rigidly constructed and can exist in distinct conformational
states, then each of these conformationally distinct modifications may crystal-
lize in its own lattice structure. This latter behavior is termed conformational
polymorphism.**

There is no doubt that single-crystal x-ray diffraction is a powerful tech-
nique for the study of polymorphs and solvatomorphs, but it is equally
apparent that this methodology is not well suited for routine evaluation of the
crystalline state of powdered solids. For such work, x-ray powder diffraction
(XRPD) is much more useful.** A powdered sample will present all possible
crystal faces at a given interface and the diffraction off this powdered sur-
face will, therefore, provide information on all possible atomic spacings (i.e.,
defined by the crystal lattice). The powder pattern consists of a series of peaks
of varying intensities detected at various scattering angles. These angles and
their relative intensities are correlated with computed d spacings to provide
a full crystallographic characterization of the powdered sample. After index-
ing all the scattered bands, it is possible to derive unit cell dimensions and
other crystallographic information from a high-resolution powder pattern of
the substance.*®

To measure a powder pattern, a randomly oriented powdered sample is
prepared so as to expose all the planes of a sample. The scattering angle is
determined by slowly rotating the sample and measuring the angle of diffracted
x-rays (typically using a scintillation detector) with respect to the angle of the
incident beam. Alternatively, the angle between the sample and the source can
be kept fixed, while moving the detector to determine the angles of the scat-
tered radiation. Because the wavelength of the incident beam is known, the
spacing between the planes (identified as the d spacings) is calculated using
Bragg’s law.

A very useful complement to ordinary powder x-ray diffraction is vari-
able temperature x-ray diffraction. In this method, the sample is contained
on a stage that can be heated to any desired temperature. This method is
extremely useful in the study of thermally induced phenomena, and is seen
as a complement to thermal methods of analysis.

It is not practical to summarize here all of the XRPD studies that have been
run to characterize polymorphic or solvatomorphic systems (because essen-
tially every study ever conducted makes use of this methodology), so only a
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- FIGURE 5 X-ray powder diffraction patterns for the alkaline earth cation derivatives of 5-nitro-
barbituric acid (dilituric acid). The data were adapted from reference 47.

single example will be cited. Among other uses, 5-nitrobarbituric acid (dilituric
acid) has found application as a chemical microscopic reagent for the qualita-
tive identification of alkali metal (group IA) and alkaline earth (group IIA)
cations. This methodology is based on the characterization of observed crys-
tal morphologies, because a unique crystal habit can be associated with each
adduct product. To understand the scientific foundations that permit chemical
microscopy to function as a useful analytical technique, the products formed
between dilituric acid and the group IA and IIA cations were characterized
using a variety of physical techniques.*” It was found that the origins of the
different crystal morphologies associated with each of the adducts arose from
the ability of the systems to form various hydrate species, which also could con-
tain structural variations due to cation/diliturate packing patterns. As shown in
Figure 5, the XRPD patterns obtained for beryllium (a trihydrate phase), mag-
nesium (a 1.5-hydrate phase), calcium (a 0.5-hydrate phase), and strontium
(an anhydrate phase) are highly diagnostic of the adduct obtained.

C. Thermal Methods of Analysis

Thermal analysis methods are defined as those techniques in which a property
of the analyte is determined as a function of an externally applied tempera-
ture.*® The sample temperature is increased in a linear fashion, while the
property in question is evaluated on a continuous basis. This technology is
used to characterize compound purity, polymorphism, solvation, degradation,
and excipient compatibility.*” Thermal analysis methods are normally used to
monitor endothermic processes (melting, boiling, sublimation, vaporization,
desolvation, solid-solid phase transitions, and chemical degradation) as well
as exothermic processes (crystallization and oxidative decomposition). Access
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to this methodology is extremely useful during the conduct of preformulation
studies, because carefully planned studies can be used to indicate the existence
of possible drug-excipient interactions in a prototype formulation.”

Significant insight into the practice of thermal analysis can be gleaned
from consideration of the determination of ordinary melting points through
the study of fusion curves, for which a typical example is provided in Figure 6.
To determine this type of curve, the sample is placed within a suitable con-
tainer, immersed in a bath whose temperature is increased at a fixed rate, and
the temperature of the sample is monitored. As long as the substance is a solid,
it has a fixed and finite heat capacity, so its temperature linearly increases at a
rate governed by the rate of heat flow. Once the substance begins to melt, the
heat capacity of the system goes to infinity because all absorbed heat is used to
transform the solid phase into the liquid phase. The temperature of the sample
cannot change during this process owing to the infinite value of the heat capac-
ity and the fact that any heat entering the system acts only to redistribute the
relative amounts of the two phases. Once the entire sample has melted, how-
ever, the heat capacity again becomes fixed and finite because the substance
is now a simple liquid. Further heating results in a linear rate of temperature
increase up to the next phase transition.

Differential thermal analysis (DTA) represents an improvement to the
melting point determination in that the difference in temperature between the
sample and a reference is monitored as a function of temperature.’® As long
as no thermal transitions take place, the temperature of the sample and the
reference will be the same because the heat capacities of the two are roughly
equivalent. However, differences in temperature between the sample and refer-
ence are manifested when changes occur that require a finite heat of reaction.
If AH for the transition is positive (endothermic reaction), the temperature of
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- FIGURE 6 Fusion curve for the melting of a hypothetical compound.
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the sample will lag behind that of the reference (because more heat will be
absorbed by the sample than by the reference) and this event will be recorded
in the thermogram as a negative-going peak. If the AH is negative (exother-
mic reaction), the temperature of the sample will exceed that of the reference
(because the sample itself will be a source of additional heat) and the event will
be recorded in the thermogram as a positive-going peak. Thus, DTA analysis
is an excellent qualitative technique that is useful to deduce the temperature
ranges associated with a variety of thermal events, as well as to assign the
endothermic or exothermic nature of these reactions.

An astounding number of studies have been published where DTA analysis
was used to characterize the properties of a wide variety of materials, so only
a single example will be given here. The characteristic transition temperatures
of DTA endotherms obtained for the vaporization of 2,4-difluoronitrobenzene
as a function of pressure have been used to obtain the phase diagram of this
substance. A family of these DTA thermograms is found in Figure 7.

Differential scanning calorimetry (DSC) represents an improvement to
DTA analysis, and has become one of the most widely used methods of thermal
analysis. In the DSC method, the sample and the reference are kept at the same
temperature and the heat flow required to maintain the equality in temperature
between the two is measured.>! This equality can be achieved by placing sep-
arate heating elements in the sample and the reference cells, where the rate of
heating by these elements is controlled and measured. This method of measure-
ment is termed power-compensation DSC, and (contrary to IUPAC guidelines)
it yields positive-going peaks for endothermic transitions and negative-going
peaks for exothermic transitions.

Another methodology is that of heat-flux DSC, where the sample and the
reference cells are heated by the same element, and the direction and magnitude
of the heat being transferred between the two is monitored. Heat-flux DSC is
probably a preferable method in that it yields superior baselines relative to
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- FIGURE 7 DTA endotherms obtained for vaporization of 2,4-difluoronitrobenzene as a function of

pressure.



3 SOLID-STATE ANALYSIS 73

those that are obtained using power-compensation DSC. In addition, negative-
going peaks are obtained for endothermic transitions and positive-going peaks
are obtained for exothermic transitions (the same as for DTA analysis) that are
in harmony with the IUPAC guidelines.

DSC plots are obtained as the differential rate of heating (in units of watts
per second, calories per second, or Joules per second) against temperature,
and thus they represent direct measures of the heat capacity of the sample.
The area under a DSC peak is directly proportional to the heat absorbed or
evolved by the thermal event, and integration of these peak areas yields the
heat of reaction (in units of calories per second per gram or Joules per second
per gram). Owing to the ability to facilitate quantitative data interpretation,
the use of DSC analysis has virtually supplanted the use of DTA analysis.

When a compound is observed to melt without decomposition, DSC analy-
sis can be used to determine the absolute purity.’% This method can, therefore,
be used to evaluate the absolute purity of a given compound without refer-
ence to a standard, with purities being obtained in terms of mole percent. The
method is limited to reasonably pure compounds that melt without decom-
position, because the assumptions that justify the methodology fail when the
compound purity is less than approximately 97 mol%.

One other commonly used thermoanalytical technique is that of thermo-
gravimetry (TG), where the thermally induced weight loss of a material is
measured as a function of the applied temperature.’3 TG analysis is restricted
to studies that involve either a mass gain or loss (usually loss), and is most com-
monly used to study desolvation processes and compound decomposition. The
major use of TG analysis is the quantitative determination of the total volatile
content of a solid. When a solid can decompose by means of several discrete,
sequential reactions, the magnitude of each step can be separately evaluated.
TG analysis of compound decomposition also can be used to compare the sta-
bility of similar compounds. The higher the decomposition temperature of a
given compound, the more negative is the AG value and, therefore, the greater
is the stability.

An example will be cited to illustrate the synergistic relationship that
exists between DSC and TG analysis. The anhydrate, dihydrate, and trihydrate
phases of chemically pure magnesium stearate and magnesium palmitate were
prepared and characterized as to their structural characteristics.’* The crystal
structures of the various materials were found to be very similar to each other,
differing primarily in the magnitude of the long (001 face) crystal spacing. The
full thermal characterization of magnesium stearate dihydrate is shown in Fig-
ure 8. The nature of the lowest temperature endothermic transition seen in the
DSC thermogram is established as a dehydration transition, because a substan-
tial weight loss is observed to take place over the same temperature interval.
On the other hand, the higher temperature endothermic transition in the DSC
thermogram is confirmed as a melting transition because this event takes place
without any accompanying loss in mass.
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B FIGURE 8 Differential scanning calorimetry (lower trace) and thermogravimetry (upper trace) ther-

mograms obtained for the dihydrate phase of magnesium stearate. The data were adapted from refer-
ence 54.

IV. PROPERTIES ASSOCIATED WITH THE BULK LEVEL

Bulk material properties may be conveniently defined as those characteristics
of a solid that can be measured only for a large ensemble of particles. Given the
sheer magnitude of the materials issues involved, it is safe to state that once a
solid formulation has reached the bulk manufacturing stage, the bulk physical
properties are of the highest degree of importance. The ability to totally con-
trol a large-scale formulation process is governed by the degree of knowledge
amassed for the system in question, and the most pertinent body of knowl-
edge concerns the properties that directly relate to those of the bulk powders
involved. It is also true that reproducibility in all aspects of lot-to-lot behavior
can be significantly improved through the implementation of properly designed
specifications. The testing of raw materials is particularly important at this
stage, because only those species that pass appropriate challenges are used for
the manufacturing process.>>

Once a given drug candidate has reached the latter stages of development,
the physical characteristics associated with the other formulation ingredients
assume a high level of importance. Excipients are included in formulations to
execute some type of physical effect, such as enhancing powder compaction,
promoting dosage form dissolution, modifying drug release rates, and improv-
ing powder flowability. It is almost self-evident that assays suitable for the
evaluation of functionality properties of excipients are essential to the devel-
opment of robust pharmaceutical formulations. This evaluation requires the
establishment of comprehensive programs for the physical characterization of
excipient materials, especially with respect to properties related to use and
functionality.
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It is beyond the scope of the present coverage to discuss sampling effects,
but it cannot be stressed too often that the ability to obtain relevant informa-
tion on the bulk properties of a material depends critically on the sampling
plan used. It is fairly easy to introduce bias unintentionally during the act of
taking samples, and no amount of method development and validation in sub-
sequent steps can alleviate this problem. When milligram to gram samples are
removed from a multikilogram bulk, the samples must be representative of the
bulk properties or else the analytical work will be absolutely valueless.

A. Particle Size Distribution

The particle size distributions of drugs and excipients exerts profound effects
on mixing phenomena and on possible segregation in mixed materials.>® It
is generally accepted that in the absence of electrostatic effects, it is easi-
est to produce homogeneously mixed powders if the individual components
to be mixed are of equivalent particle size. The distribution of particle sizes
in a powdered material can affect the bioavailability of certain active drugs,
and certainly exerts a major effect on powder flowability. All pharmaceutical
dosage forms must be produced in uniform units, and good content unifor-
mity is only possible when the particle size of the active component is carefully
controlled.

A variety of methods are available for determination of the particle size
distribution of powdered solids.’” The most important of these are optical
microscopy (usually combined with image analysis), sieve analysis, laser light
scattering of suspended particles, and electrical zone sensing.

The choice of sizing method should be made after taking into considera-
tion the type of sample to be analyzed and the nature of information required.
Whereas light scattering and electrical zone sensing are normally carried out on
solids dispersed in an inert solvent medium, they are most suited for determi-
nations of particle size distribution in suspensions. Difficulties can arise when
either technique is used blindly to size dry powders, because the suspension
process can grossly affect the size distributions obtained by these methods. The
data will reflect what exists in the suspending medium, which may not neces-
sarily reliably indicate what existed in the original powder sample. Microscopy
and sieving are normally carried out on dry powder samples and are, therefore,
more useful as indicators of the actual particle size of a powdered solid.

When proper sampling techniques are used, the most absolute method
of particle size determination is that of microscopy, and this becomes most
efficient when combined with some form of image analysis.’® Calibration of
observed image is easily effected through the use of stage micrometers, and
once calibrated, a given set of optics will not require recalibration. In the auto-
mated methodology, microscope parameters are adjusted so as to optimize the
contrast between the background and the particles to be sized. A video image
of the powder is transmitted to a computer system, which then counts the
number of pixels that make up a particle. The size of each pixel is easily con-
verted to micrometers and the data are analyzed as desired by the analyst.
Average particle sizes, full weight distributions, or shape information can be
generated. The advantage of the optical microscope method is that it provides
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direct and absolute information on the particles under characterization. Its
chief disadvantage is that it can provide only data on the particles on the slide
and, therefore, can be biased by the slide preparation method.

In principle, sieve analysis represents the simplest method for the deter-
mination of particle sizes, and it is certainly one of the most widely used
methods.>® The methodology for analytical sieving is currently being stan-
dardized by the United States Pharmacopoeia, but may be summarized as
follows. Particles are allowed to distribute among a series of screens (typically
wire mesh) and the amount of material retained on each screen is determined.
The smaller particles that pass through a screen are termed the fines, whereas
the larger particles that remain on the screen are the coarse particles. When
multiple screens are used, the intermediate sized particles that pass through
one or more screens (but that are retained on a subsequent screen) are called
the medium fractions. A variety of facilitation methods can be provided during
the sieving process; vibration, ultrasound, or air suspension are used to assist
the passage of particles through the various screens. A proper size determina-
tion requires the use of five to six sieves, whose sizes are selected to obtain
approximately equal amounts of powder on each screen and past the small-
est sieve. The data are most commonly displayed as the percent of material
retained on each sieve, the cumulative percent of sample retained, and the per-
cent of sample passing each sieve. A general system for standardization of sieve
data has been proposed.®°

Particle sizing also may be performed using electrical zone sensing
(methodology based on the Coulter principle), in which the measurement of
electrical pulses caused by the passage of particles through a sensing zone is
used to deduce size information.®! One drawback to the Coulter method is
that calibration using monodispersed particles of known diameter is required
to assign the particle sizes of unknown species. The lowest size limits that
can be measured are limited by thermal and electrical noise, and by the abil-
ity of the discrimination electronics to distinguish true signal pulses from the
background.

For particles in the 1-200-wm size range, Fraunhofer diffraction can be
used to obtain particle size distributions.®? Owing to its relative ease of opera-
tion, this technique has become enormously popular. Samples can be dispersed
in the laser beam either as suspensions in an inert fluid or as dry powders
aspirated directly into the analyzing beam. It is safe to state that validation
of the methodology is crucial, in that it must be verified that the method of
sample handling and processing does not alter the particle size distribution of
the substance.

The Fraunhofer method entails an interpretation of the scattering of col-
limated laser light (at low angles of angles of incidence) caused by suspended
particles, and particle size distributions are then deduced from the scattering
intensities. It is not generally appreciated that the results generated after decon-
volution of laser light scattering data are strongly dependent on a number of
factors, some of which depend on the identity of the company that manufac-
tured the measuring system. After passing through the sample, the laser light is
passed through a Fourier lens to produce a diffraction pattern that is allowed
to fall on a detector that consists of a sequence of concentric rings. The light
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intensity that impinges on each ring is measured, yielding a pattern of radial
intensity values.

To deduce a particle size distribution, the detector response must be
deconvoluted by means of a simulation calculation. The scattering particles
are assumed to be spherical in shape, and the data are subjected to one of
three different computational methods. One system uses the unimodal model-
dependent method, which begins with the assumption of a model (such as
log normal) for the size distribution. The detector response expected for this
distribution is simulated, and then the model parameters are optimized by
minimizing the sum of squared deviations from the measured and the simu-
lated detector responses. The model parameters are finally used to modify the
originally chosen size distribution, and it is this modified distribution that is
presented to the analyst as the final result.

A second approach uses the unimodal model-independent method, which
begins with the assumption that the size distribution consists of a finite num-
ber of fixed size classes. The detector response expected for this distribution
is simulated, and then the weight fractions in each size class are optimized
through a minimization of the sum of squared deviations from the mea-
sured and simulated detector responses. The third system uses the multimodal
model-independent method. For this, diffraction patterns for known size dis-
tributions are simulated, random noise is superimposed on the patterns, and
then the expected element responses for the detector configuration are cal-
culated. The patterns are inverted by the same minimization algorithm, and
these inverted patterns are compared with known distributions to check for
qualitative correctness.

Whereas virtually every light scattering system uses a different combi-
nation of model choice and deconvolution algorithm, it is highly difficult to
compare the results obtained on one instrument with those obtained on a dif-
ferent type of system. The results obtained from a light scattering study often
bear no resemblance to results obtained using either microscopy or sieving.
Nevertheless, the technique can be highly useful to monitor batch-to-batch
variations in size distribution, although such comparisons have value only
when the particle morphology is unchanged in the various samples studied.

B. Micromeritics

When applied to powders, micromeritics is taken to include the fields that
relate to the nature of the surfaces that make up the solid. Of all the properties
that could be measured, the surface area, porosity, and density of a material
are generally considered to be the most pharmaceutically relevant parameters.

The surface area of a solid material is important in that it provides infor-
mation on the available void spaces on the surfaces of a powdered solid.®3
In addition, the dissolution rate of a solid is partially determined by its sur-
face area. The most reproducible measurements of the surface area of a solid
are obtained by adsorbing a monolayer of inert gas onto the solid surface at
reduced temperature and subsequently desorbing this gas at room tempera-
ture. The sorption isotherms obtained in this technique are interpreted using
the equations developed by Brunauer, Emmett, and Teller.®* and, therefore,
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the technique is referred to as the BET method. The surface area is obtained in
units of square meters of surface per gram of material.

Any condensable, inert gas can be used for BET measurements, but the pre-
ferred gases are nitrogen and krypton. Nitrogen is used for most samples that
exhibit surface areas of 2 m?/g or greater, but materials with smaller surface
areas should be measured using krypton. The gas to be adsorbed (the adsor-
bate) is mixed with an inert, noncondensable, carrier gas (usually helium). A
range of 5-30% adsorbate in carrier gas is commonly used, and the use of
multiple adsorbate gas levels in a BET determination is recommended.

Relationships between the internal surface area and tablet properties have
been drawn through the characterization of a variety of lactose compacts.®’
For example, a given bulk sample of anhydrous a-lactose was sieved into
selected size fractions, and compacts of these fractions were prepared through
compression at 37.5 mPa. Nitrogen gas adsorption was used to evaluate the
surface area of the compacts and the tablet crushing strengths of each were
determined. The crushing strength of the compacts was found to be directly
proportional to (and almost linearly dependent on) the surface area of the com-
pacted material. It also was found that compacts prepared from the coarser size
fractions contained significantly lower surface areas than compacts prepared
from the fine fractions.

Although a variety of methods are available to characterize the intersti-
tial voids of a solid, the most useful of these is that of mercury intrusion
porosimetry.®® This method is widely used to determine the pore size distri-
bution of porous materials and the void size of tablets and compacts. This
method is based on the capillary rise phenomenon in which excess pressure is
required to force a nonwetting liquid into a narrow volume.

Mercury, which has a contact angle on glass of approximately 140°, is
most commonly used as the intrusion fluid. The mercury is forced into the
pores of the sample using an externally applied pressure: the smallest pores
require the highest pressures to effect filling. The Washburn equation, as
applied to circular pore openings, is used to relate the applied pressure and
the pore size opening.

Measurements of particle porosity are a valuable supplement to studies
of specific surface area, and such data are particularly useful in the evalu-
ation of materials used in direct compression processes. For example, both
micromeritic properties were measured for several different types of cellulose-
type excipients.®” BET surface areas were used to evaluate all types of pore
structures, whereas the method of mercury intrusion porosimetry used could
not detect pores smaller than 10 nm. The data permitted a ready differentiation
between the intraparticle pore structure of microcrystalline and agglomerated
cellulose powders.

Another extremely important micromeritic parameter is powder density,
which is defined as the ratio of mass to volume. Three types of density, which
differ in their determination of volume occupied by the powder, are normally
differentiated. Bulk density is obtained by measuring the volume of a known
mass of powder sample (that has been passed through a mesh screen) into a
suitable volume-measuring apparatus.®® When a graduated cylinder is used for
the measurement, the volume is determined to the nearest milliliter. The bulk
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density is then obtained by dividing the mass of solid by the unsettled apparent
volume. A measurement of tapped density is normally obtained at the same
time, where the volume of the solid is measured after subjecting the system
to a number of controlled shocks. The repeated mechanical stress causes the
powder bed to pack into a smaller volume, so it follows that the tapped density
will always be higher than the bulk density.

The true density of a solid is the average mass per unit volume, exclu-
sive of all voids that are not a fundamental part of the molecular packing
arrangement.®® This density parameter is normally measured by helium
pycnometry, where the volume occupied by a known mass of powder is deter-
mined by measuring the volume of gas displaced by the powder. The true
density of a solid is an intrinsic property characteristic of the analyte and is
determined by the composition of the unit cell.

C. Powder Characterization

Evaluation of the mechanical characteristics of powdered solids is vitally
important to the processing of these materials. Information can be obtained
on bulk powders prior to their processing, during the compaction process
through the instrumentation of tablet presses, or on tablet compacts after
they have been compressed. In the first instance, work is generally centered
on determinations of the degree of flowability associated with a given powder.
Data obtained during the compaction of powdered solids can be an invaluable
source of information to optimize the consolidation process. Measurements
conducted on consolidated materials are also used during process optimization
and can be employed as part of quality control testing. It should be recog-
nized, however, that particle-particle interactions’? are at the center of these
investigations, and all the methods are designed to deduce such information.

It is generally agreed that one of the more important parameters of interest
to formulators is the flowability of powdered solids.”!- 72 The processability of
these materials is greatly affected by flowability concerns, because the materials
invariably need to be moved from place to place. For example, when tablets are
to be compressed at high speeds, the efficiency of the machine will be suitable
only if the powder feed can be delivered at a sufficiently high rate. Whereas
many pharmaceutical compounds are cohesive in nature, their flow character-
istics tend to be undesirable.”> One of the aims of granulation is reduce the
cohesive nature of the individual components to produce a uniformly blended
material whose physical properties are more suitable for processing.

Carr’4 described a system that can be extremely useful in the evaluation
of the flowability of powdered solids. In his approach, Carr defined a number
of parameters related to flow that are scored after their measurement accord-
ing to a weighting system. Powder flowability is evaluated using the angle of
repose (defined as the angle formed when a cone of powder is poured onto a
flat surface), the angle of spatula (defined as the angle formed when material is
raised on a flat surface out of a bulk pile), compressibility (obtained from mea-
surement of the bulk and tapped material densities), and cobesion (relating
to the attractive forces that exist on particle surfaces). The overall summa-
tion of these parameters permits deductions regarding the degree of powder
flowability.
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When powders flow, they do so either in a steady controlled fashion (as
in the case of dry sand) or in an uncontrolled gushing manner (as in the case
of damp sand, for which the entire bulk tries to move in a solid mass). This
latter condition is termed floodable flow and is most characteristic of the flow
of cohesive, sticky powders. The floodability of a powder is determined by its
overall flowability (determination of which was just described), the angle of
fall (obtained as the new repose angle when the powder cone is mechanically
shocked), the dispersibility (ability of a given powder to become fluidized), and
the angle of difference (obtained as the numerical difference between the angle
of fall and the angle of repose). Carr®® also detailed a procedure whereby
indices are deduced for each floodability parameter and explained how the
summation of these indices yields a parameter indicative of the tendency of a
powder to exhibit floodable flow.

To illustrate the utility of Carr’s method in the evaluation of powder flow,
full characterization of 12 lots of microcrystalline cellulose was carried out.”®
Measurements of the actual mass flow rates were obtained, as well as measure-
ments of each of the parameters specified by Carr. As evident in Figure 9, the
overall flowability index proved to be a reliable predictor of the relative degree
of bulk powder flow for granular material grades, but the correlation with
actual flow rates did not hold for fine material grades. Detailed comparisons
of the possible relationship of each parameter with the mass flow rates were
conducted with the aim of determining which parameter exerted the largest
influence over the mass flow rate. For the microcrystalline cellulose samples
evaluated in this study, it was learned that the powder flow rates were deter-
mined largely by the sample compressibility and degrees of cohesion. Fairly
well defined, but separate, inverse linear relationships were deduced between
these properties and the mass flow rates. Interestingly, only a poor correlation
between actual powder flow rates and the angle of repose was detected, in
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FIGURE 9 Correlation between actual mass flow rates and the Carr flowability indices of 12 samples
of microcrystalline cellulose that had differing particle size distributions.
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spite of the conventional wisdom that the repose angle is a reliable indicator
of powder flow.”®

Studies that involve instrumented compaction equipment can be extremely
useful in the development of dosage forms, especially when the amount of
drug substance is limited in quantity. Marshall”” described a program in
which dynamic studies of powder compaction can be used at all stages of the
development process to acquire formulation information. The initial experi-
ments include a determination of the intrinsic compactibility of the compound.
In subsequent work, simple tablets are prepared, and tested for dissolution,
potency, and content uniformity. Through studies of the compaction mecha-
nism, it is possible to deduce means to improve the formulation under study.
When the work is carried out on a compaction simulator, it is possible to sub-
ject the formulation to high-speed tableting cycles so that strain forces in the
compacts can be evaluated. This work can be of utmost importance, because
it appears that strain rates can exert strong influences on a variety of tablet
properties.”8 The information gathered in this way can be used to aid in trans-
fer of the manufacturing process among different types of instrumentation and
to aid in the technology transfer process.

In one study, the formulation efficiency of several direct compression mate-
rials was evaluated using instrumented press methodology.” It was found
that subtle changes in the structure of the component particles could lead to
observation of significantly different behaviors upon compression. The tablet
hardness and compressibility of differently sourced sucrose materials, obtained
at comparable compressional forces, was found to vary significantly with the
source of the compound.

Most workers evaluate the quality of compacted materials through mea-
surements of tablet hardness and friability. Hiestand and Smith39 developed
several indices of tableting performance that are indicative of the performance
of materials during their compaction. The bonding index is an estimation of
the survival of tablet strength following the decompression that takes place
after the tablet is ejected from the press. The brittle fracture index is a mea-
sure of the brittleness of a material, and it provides a measure of the ability
of a compact to relieve stress through plastic deformation. Finally, the strain
index is an indicator of the relative strain that forms in a compact following
its decompression.

Brittle fracture indices were obtained for a series of compacted direct
compression excipients that had been exposed to various degrees of ambient
relative humidity.3! Compacts of essentially nonhygroscopic microcrystalline
cellulose exhibited essentially the same degree of brittleness regardless of expo-
sure to relative humidity. On the other hand, compacts of more hygroscopic
processed sugar materials exhibit a substantial decrease in tablet brittle-
ness as the tablets are exposed to higher degrees of relative humidity. These
phenomena were ascribed to the plasticizing effects of the adsorbed water.

V. SUMMARY

The range of solid-state analysis presented here was limited by space con-
straints, but interested workers should read the more detailed monograph3
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that provides a more detailed overview of the systematic, materials science
approach that is highly appropriate for the pharmaceutical field. Ideally, every
lot of active drug, excipients, or formulated blends of these would be charac-
terized as fully as possible at the early stages of drug development. A feedback
loop would then be established after each formulation run, in which the physi-
cal characteristics of the input materials were correlated with the quality of the
produced product. Out of these studies would come an understanding of the
particular physical properties that are predictive of success in the production
of a given formulation. As the maturity of the process increases, only these
key parameters would require continued monitoring. Ultimately, the data col-
lected on these properties would permit the generation of appropriate material
specifications. If the work was performed properly, then it would be possible
to specify limits for raw material properties that would ensure that the final
product will always turn out satisfactorily. Such is the nature of the goal that
appears to be achievable.
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Impurity and degradant structure elucidation is a collaborative effort
involving the analytical chemist, process chemist, and/or formulator as well
as experts in degradation, mass spectrometry, and nuclear magnetic resonance
(NMR). The process described in this chapter uses a designed approach for the
impurity and/or degradant identification, which focuses on efficiency, so that
the success of data collection is maximized. A number of activities other than
collecting experimental data are included, even though the experiments are
central to the process. The process used for determination of residual solvents,
purposeful degradation studies, and isolation/identification of impurities and
degradants, as well as insights into the effectiveness and efficiency of our team
approach, is described in this chapter.

I. RESIDUAL SOLVENTS AND WATER

A. Residual Solvents

Most process steps involved in the manufacture of drug substances, interme-
diates, and regulatory starting materials occur in the presence of a solvent or
combination of solvents. Depending on the manufacturing process and regula-
tory requirements, these materials may be tested for the amount of solvent(s)
present in the sample by the compendial methods.

Residual solvent testing is important in the pharmaceutical industry for
several reasons. For a drug substance, solvent content will affect its potency.
From a safety perspective, depending on the dosage strength of the drug sub-
stance and the duration of the treatment, the amount of solvent or solvents
entering a patient must be safe toxicologically. For example, daily exposure to
toluene permitted according to the International Conference on Harmonisa-
tion (ICH) is 8.9 mg/day.! In addition to health concerns, the total amount of
solvents in a drug substance could adversely affect how the material behaves
during formulation.

Testing for solvent content in intermediates may need to be performed
if a critical amount of residual solvent(s) remaining in the intermediate can
alter the next step of the process. Knowledge of the solvent content in regu-
latory starting materials may help the development chemist to understand the
synthetic route and predict potential process-related impurities. Knowing the
solvents used in a process allows the development chemist to look for possible
compound-solvent interactions which can lead to the formation of impurities.

There are several nonspecific methods available that can determine the
total amount of solvent(s) in a sample. Loss on drying (LOD) determines the
amount of volatile components that are released from a sample under specific
temperature and/or vacuum conditions. Thermal gravimetric analysis (TGA)
measures the loss of volatile components from a sample over a temperature
gradient. The advantage of these methods is that they give an estimate of
the volatile component content of a sample relatively quickly. The disadvan-
tages of these methods are that they do not speciate and cannot account for
volatile components that are trapped in the lattice structure of the compound.
By accepting the limitations of these methods, a total solvent amount can be
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calculated if a value for water content in the sample is known, and the water
value is subtracted from the value obtained from either the LOD or TGA.

To determine the identity and quantity of residual solvents in a sample, a
separation of the residual solvents from the matrix and from each other must
occur. Gas chromatography (GC) is well suited for this type of separation since
GC relies on sample volatilization for its separation mechanism. Most solvents
used in manufacturing processes have low boiling points (<200°C), so they
are easily volatilized and can be separated using the proper chromatographic
and instrument conditions.

Methods can be developed to be very specific (one solvent in a very short
period of time) or general (able to separate and quantitate numerous residual
solvents). This section will focus on the general methods that can separate
numerous residual solvents.

The advantage of a general method is that one method can analyze resid-
ual solvents in the vast majority of different samples that are submitted to a
pharmaceutical laboratory. This reduces the downtime for a gas chromato-
graph while columns are changed. Another advantage of a general method is
the analyst’s familiarity with the method. For example, the sample and stan-
dard preparations are consistent for the most part and the instrument could
be dedicated to the method. Experience with a method can help an analyst
quickly determine the possible identity of an unknown solvent present in a
sample besed in its retention time. It is also easier to troubleshoot one familiar
method than several methods that are occasionally used. Because the goal of
a general method is to quantitate all the residual solvents in a sample (poten-
tially numerous), it is critical that the right chromatographic system (injection
scheme, instrument conditions, stationary phase, and detector) is chosen.

GC offers a chemist a number of different options to separate and quanti-
tate residual solvents present in a sample. Numerous sample injection schemes,
inlets, stationary phases, and detectors are available. Any combination can be
used to develop adequate residual solvent methods. One key factor to consider
is that the method of introduction must reproducibly introduce samples and
standards to the gas chromatographic system; otherwise, the system and the
method would not be considered to be rugged. The method of introduction
and the inlet type should be compatible. For example, using a static headspace
sampler and a cool on-column inlet does not offer any advantages for resid-
ual solvent analyses. The combination of a stationary phase and a temperature
program (if a temperature program is chosen) should resolve all components
of interest. Care should be taken to work within normal column velocities and
the temperature ramping capabilities of the gas chromatograph. Methods in
which compounds of interest elute at the start or the end of a temperature
ramp should be avoided. Finally, the detector must be capable of detecting the
compounds of interest at the appropriate levels and have an adequate oper-
ating range. For example, a flame ionization detector meets these criteria for
most organic solvents.

Once the gas chromatography conditions are chosen, the next step is to
decide how the samples and standards are going to be introduced to the gas
chromatograph. Several techniques can be chosen with some being more prac-
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tical than others. These techniques include injection of a liquid sample with a
syringe, pyrolysis, thermal desorption, purge and trap, and static headspace.

Using a syringe to inject a liquid sample either manually or with an
autosampler is a simple method of introduction to a gas chromatograph. Basi-
cally, a sample is dissolved or diluted in a volatile solvent and a known volume
is injected into the inlet. Considerations when using this technique include
ensuring that the sample is fully dissolved and that the components of the
sample will be volatilized when introduced to the inlet. The inlet may be able
to trap undissolved components and nonvolatile components, but it is best to
avoid introducing nonvolatile components into the system. Nonvolatile com-
ponents in the inlet could eventually migrate to the column and adversely affect
the stationary phase. Also, nonvolatile components in the inlet could act as a
trap for the volatile components of interest. The solvent chosen for the diluent
must be volatile and not elute in a region of the chromatogram where compo-
nents of interest are expected to elute. However, if the matrix is soluble and
volatile, direct injection of a liquid sample is an acceptable method of testing
for residual solvents.

Pyrolysis is a technique for nonvolatile samples that uses an analytical
pyrolyzer. In a pyrolyzer, a sample is thermally fragmented into smaller volatile
components. These fragments are introduced to the gas chromatograph, and
the resulting chromatogram is a fingerprint of the sample. This is not a tech-
nique suitable for general residual solvent analysis. Even though a pyrolyzer
will introduce residual solvents to a gas chromatograph, some of the thermal
fragments from the drug substance may appear as residual solvents, thus giv-
ing an inaccurate result. The analyst will also have to determine which peaks
in a chromatogram are residual solvents and which are fragmented pieces of
the drug substance.

Purge and trap, or dynamic headspray is a technique in which a sample
is placed in a tube with water and then sealed onto the instrument. Helium is
introduced to the tube and sparges through the sample and water. The volatile
components are collected onto an adsorbent trap. After a set period of time,
the sparging stops and helium flow is directly routed to the adsorbent trap,
which is then rapidly heated to release the volatile components. They are then
transferred to the gas chromatograph. Purge and trap is a very sensitive tech-
nique that allows only volatile components to enter a gas chromatograph. The
drawback of using purge and trap for routine residual solvent assay in phar-
maceuticals is that only water can be used in the system. If a drug substance is
not water soluble, then only residual solvents on the surface of the drug sub-
stance will be introduced to the gas chromatograph. Purge and trap can also
be run on dry samples without water in the tube.

Static headspace sampling (or just headspace) is similar to purge and trap
in that only volatile components are transferred to a gas chromatograph. With
headspace, a sample can be run dry or it can be run in a dissolving solvent.
Liquid samples can be analyzed as long as the sample amount combined with
the temperature does not overpressurize the sample vial. The dissolving sol-
vent is typically water (when an flame ionization detector is used) or a high
boiling point organic solvent, e.g., dimethyl acetamide. The option of using an
organic solvent or a combination of solvents allows a better chance of dissolv-
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ing the sample in the headspace vial. This enables solvents that may be trapped
in the drug substance lattice to be released and detected. The one drawback
with headspace is that the sample is heated. In some cases, the combination
of a dissolving solvent and heat could cause a chemical reaction to occur in
the headspace vial that may misrepresent the presence or quantity of residual
solvents in that sample.

It was mentioned previously that a flame ionization detector is a good
choice for a general residual solvent analysis. Flame ionization detectors are
rugged, low in cost, and easy to use. Stationary phases that may exploit
some solute-stationary phase interactions would be recommended to sepa-
rate a potentially wide range of residual solvents. These phases may offer
more selectivity over typical “boiling point” columns (e.g., dimethylpolysilox-
ane stationary phases). A split/splitless injection inlet is a commonly used and
rugged inlet. The three best general methods to introduce residual solvents to
a gas chromatograph are use of either a liquid autosampler, a purge and trap
unit, or a headspace autosampler. The addition of temperature programming
and a variety of column dimensions give an analyst numerous combinations
to develop a general method for determining residual solvents in drug sub-
stances. An example of one possible combination is shown in Figure 1 where a
headspace autosampler, a split/splitless injector operating in the split mode, a
cyanopropyl stationary phase, a temperature program, and a flame ionization
detector are used to separate a variety of residual solvents.

Cyclohexane

Isopropyl Ether

THF

oo EOA Toluene
Chioromethane | EtOH |5opronanol

T[T [T T[T [T T T [T [T OO [T [T [T T [T T T [T T [T [ T
10 20 30 40 50 60 70 80 90 100 110 120 0

B FIGURE | Example of a residual solvent analysis of a standard containing nine solvents at approxi-
mately 0.05 mg/mL.
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An analyst needs to know what solvents are typically used to produce drug
substances within his or her customer base and the frequency of requests for
residual solvent determinations. This will help in deciding what detector and
stationary phase to use. Knowing the chemical and physical attributes of the
drug substances and the processes used to synthesize them will determine how
samples should be prepared and what sample introduction technique makes
sense.

The advantage of a general residual solvent method is that with time a
knowledge base is established with the method. This allows for the setup of
meaningful system suitability criteria. Another advantage of a general method
is that different drug substances with various residual solvent specifications
could be assayed on the same run sequence. In this case, the standards cover
all of the residual solvents of interest for each of the samples. System suitability
is run once to cover the many different samples, which saves instrument time.

Retention times of residual solvent standards are known when one
has gained experience with a method. This knowledge can help to iden-
tify unknown compounds in a sample. Another helpful tool for identifying
unknowns in a residual solvent run is the use of some form of retention index.
Retention indices can be established by using a set of standards, e.g., normal
hydrocarbons as in the Kovats index,” to give a value to each compound in
a chromatogram. Matching values in a sample based on calculated retention
indices will aid in identifying the compound.

In some cases, additional work may be required to identify unknown com-
pounds. One of the best ways is to use a gas chromatograph coupled to a
mass spectrometer. When gas chromatography—mass spectrometry. (GC-MS)
is performed to identify unknown compounds, it is easiest to chose the same
stationary phase used in the original run. Capabilities of GC-MS may not
allow for the same column dimensions to be utilized, but temperature pro-
gramming can be altered to mimic the retention times on the non-GC-MS run.
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- FIGURE 2 Total ion current chromatogram of a solvent run.
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An example of a GC-MS run is shown in Figure 2. Toluene is known and elutes
at approximately 16.8 min. An unknown compound elutes at 26.3 min. The
positive electron impact spectrum for the unknown and the top library search
spectrum are shown in Figure 3. A library search identified the unknown com-
ponent as 1,2-dimethylbenzene. This was confirmed by spiking studies on the
sample with a standard of 1,2-dimethylbenzene.

In some instances it may be necessary to track amounts of unknown resid-
ual solvents in samples if the identity has not yet been established and the
unknown compounds have signal-to-noise ratios near the limit of quantita-
tion. One option is to quantitate the unknown compounds consistently versus
another compound. When a flame ionization detector is used, methanol is a
good choice. Methanol gives a low response in a flame ionization detector
relative to other solvents. The goal is to err on the high side when quantifying
unknown compounds. The other benefit of using methanol is that it elutes early
in most chromatographic systems, so run times do not need to be extended
when methanol is a component of the standard.

Once chromatographic conditions have been established, the only changes
to the method that may need to be made are in the sample and standard prepa-
rations. This will depend on the specifications for residual solvents in each drug
substance. One way to maintain consistent conditions for most samples is to
use one constant concentration for the sample preparation and to have a wide
working range established by external standards (e.g., 0.01-1.0%). With a
wide standard range, numerous compounds can be analyzed in the same chro-
matographic sequence. The other benefit of using a wide standard range is that
the chances of quantitating a residual solvent when it is not close to either the
specification or the expected result are increased. If one has a sample for which
the normal sample preparation is outside of the range of the standards, the eas-
iest remedy is to adjust the sample preparation to get the residual solvent in

91
Scan 2276 (26.305 min): 9923A427.D

m/z-->

Abundance

9000
8000
7000
6000
5000
4000
3000
2000
1000

51
| 1‘\‘ L ‘\“‘119 142 218 368 393 495 518
50 100 150 200 250 300 350 400 450 500

#117408: Benzene, 1,2-dimethyl-

m/z-->

51

27
‘ \‘\ 1“\
50

100 150 200 250 300 350 400 450 500

B FIGURE 3 Electron impact spectrum of the unknown compound (top) and the library spectrum of

1,2-dimethylbenzene (bottom).



92

B. Water

101

o0 w w
(L] Q (]

Wisight % (%) ———

o0
j=]

7S5

70

KAREN M. ALSANTE et al.

the sample within the range of the standards. Another option is to prepare a
new set of standards to get the sample within the standard curve.

There are usually no problems when the sample concentration is decreased
to get a large residual solvent peak within the standard range. If the sample
concentration is increased, then one needs to make sure there are no issues
with solubility. When adjusting the standard range, one needs to confirm that
the new standard levels are within the linear range of the method.

Water is an interesting compound when it comes to drug substances. In some
cases, a specific amount of water is desirable, i.e., hydrates. In other cases,
it is advantageous to keep water levels to a minimum because water itself
can accelerate the degradation of a drug substance. Some drug substances are
hydrophilic, so knowing how the compound picks up water during stability
studies is important. As with residual solvents, water levels that are not within
specifications for a drug substance can lead to manufacturing difficulties in
formulating drug product.

There are several techniques that can be used to determine water content in
samples. These techniques include TGA, loss on drying, gas chromatography,
dimethyoxyproprane titration, near-infrared (NIR), NMR, and Karl Fischer
titration.

As mentioned in Section I.A, TGA and loss on drying are two nonspecific
methods for the determination of volatile components in a sample. With some
drug substances, water amounts can be determined from TGA or loss on dry-
ing, but the assumptions are that only water is being released from the sample
and that all of the water is being released over a short time period. From the
TGA profile shown in Figure 4, the loss of weight due to water loss is approxi-
mately 11.3%. Again, the assumptions are that weight loss is due only to water
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- FIGURE 4 TGA of a sample exhibiting approximately | 1% loss of weight.
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and the sample does not tightly hold on to water. In this sample, volumetric
Karl Fischer titration confirmed the TGA result, and a GC residual solvent run
showed no significant levels of nonwater solvent in the sample.

Gas chromatography has been used to determine water levels in
samples.>* However as a routine method of analysis for various drug sub-
stances, gas chromatography is not very practical. Many drug substances are
not volatile and therefore pose sample handling issues.

Dimethoxypropane titration is a technique that utilizes a thermometric end
point.> The principle of this technique is that a reaction between dimethoxy-
propane and water is very fast and instantaneous. This technique may be
difficult to work with for some drug substance matrixes but can offer an
alternative option in other cases.

NMR spectroscopy has also been used to examine water amounts in drug
substances.® Because of the cost of instrumentation and the precautions needed
to minimize external sources of water from the sample, NMR may not be
practical as a routine method of water analysis. However, NMR can be used
in cross-validation studies to support the primary method.

NIR spectroscopy has become a popular choice for water determination.
Water absorption bands exist in the NIR region, which provide good selectivity
and sensitivity. NIR is a quick and nondestructive technique. However, it is a
secondary method of analysis for water. This means that a drug substance
reference material of known water content must be used to validate an NIR
method for that particular drug substance.

Karl Fischer titrations were first introduced in 19358 and are widely used
to determine water content in drug substances. The reaction is broken down
into two parts and is shown in Egs. (1) and (2).

ROH + SO; + R'N — [R'NH]JSO3;R (1)
H,0 + I, + [R'NH]SO;3R + 2R'N — [R'NH]SO4R + 2[R'NH]I  (2)

7

In the first part of a Karl Fischer reaction, sulfur dioxide and alcohol react
to form an ester that is neutralized by an organic base. In the second step of
the reaction, the alkylsulfite anion is oxidized by iodine. This second step con-
sumes the water in the sample. The end point is determined using an electrode
that provides a small potential across two platinum tips. When all of the water
is consumed in the titration cell, the slight excess of titrant introduced into the
cell causes an increase in the current. This increase is the indication for the end
point.

In the original titration proposed by Fischer, the base chosen was pyridine.
Pyridine has been replaced in most Karl Fischer titrations by another organic
base (i.e., imidazole) for two main reasons. The first reason is that the pH of
the system will affect the speed and the precision of the analysis. The optimum
pH range for a Karl Fischer titration is between 5 and 7. If the base used in
the titration is too strong, raising the pH above 7, then there is a possibility of
not determining an end point. If the base is too weak and does not raise the
pH to 5, then the titration occurs slowly and sometimes makes an end point
difficult to determine. This can be the case when pyridine is used as the base.
Imidazole is an organic base that neutralizes the acids produced in the reaction
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and buffers the system within the 5-7 pH range. The second reason pyridine
is not as widely used has to do with the safety of its handling.

There are several considerations when a Karl Fischer method is developed
for a drug substance. The first concern focuses on the possibility of side reac-
tions. Side reactions can effect either iodine or water. Iodide may be oxidized
to iodine by reducible species. These reactions would underestimate the actual
water concentration, because any additional iodine reacts with water. Con-
versely, iodine may be reduced to iodide by oxidizable species. These reactions
overestimate the actual water content because iodine is consumed before it
reacts with water.

There are also side reactions that can either produce or consume water.
Water can be produced by a reaction between the sample and Karl Fischer
reagents. Examples of species that can produce water include esterfiable car-
boxylic acids, aldehydes, ketones, and silanols. Aldehydes and ketones can also
form reversible bisulfite complexes with water and sulfur dioxide. These reac-
tions would consume water, resulting in an underestimate of the amount of
water in a sample.

When one performs a volumetric Karl Fischer titration, there are two basic
classes of reagents: one-component reagents and two-component reagents. The
one-component reagents contain all of the reactants (iodine, sulfur dioxide,
and base) in an alcohol solvent. These reagents have a large water capacity,
and they are economical and easy to use. The sample is dissolved in an alcohol,
but co-solvents can be used to improve sample solubility.

Two-component volumetric reagents require two separate solutions. The
solvent contains sulfur dioxide and base in an alcohol. The reagent is a solu-
tion of iodine in methanol with a known titer. Advantages of two-component
systems include faster titrations and greater accuracy for small amounts of
water. There are, however, more possibilities for side reactions within a
two-component system.

With coulometric Karl Fischer titrations, the iodine is generated electro-
chemically at the anode. This is a much more accurate technique for measuring
water content in a sample. Sample sizes are much smaller compared with those
for volumetric Karl Fischer titrations.

Depending on the instrument and the reagents, volumetric Karl Fischer
titrations require samples that contain at least 1 mg of water and more typi-
cally 5-10 mg. Coulometric titrators require samples with at least 30-50 pg
of water. Considerations of sample availability, solubility, and water amounts
will dictate which technique is best for a particular drug substance. A chart to
help one decide where to start is shown in Figure 5.

As shown in the chart, one option for handling samples whose matrix
interferes with the titration is to use a vaporizer oven. These units can be used
with either coulometric or volumetric units. The sample is placed in a tube
oven, and the oven is heated to a set temperature. A stream of dry nitrogen, dry
air, or dry argon carries the moisture released from the sample to the titration
vessel. This approach can also be used with samples that undergo interfering
side reactions. When ovens are used, it is important to check recoveries and to
ensure that the sample does not undergo any thermal degradation that could
either produce water or contaminate the system.
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1. How much sample can you spare fora water determination?
2. About how much water (%) is expected in the sample?

From the answers to questions 1 and 2, will your
sample contain atleast 1 mg of water?

Yes
(e.g.,can spare 250 mg, est. 1% water
sample has ~2.5 mg of water)

No
(e.g.,can spare 50 mg, est. 1% water
sample has ~0.5 mg of water

Volumetric Titration

Coulometric Titration

Could the sample matrix either interfere with
the reagents or contaminate the titration vessel?

Could the sample matrix either interfere with
the reagents or contaminate the titration vessel?

| Yes | | No

| Oven method | |Direct addition|

l—l—l

Yes | | No |

| Oven method | |Direct addition |

- FIGURE 5 Chart for selection of Karl Fischer technique.

Co-solvents have already been mentioned briefly. These solvents can be
combined with the alcohol in a titration cell to increase solubility of a sample
or prevent side reactions that may affect determination of the amount of water.
Examples of co-solvents are formamide for polar substances and chloroform
for aldehydes and ketones. If a co-solvent is used, one must ensure that the
percentage of the co-solvent is not too high. Because the Karl Fischer reaction
requires alcohol, a rule of thumb should be that the co-solvent not exceed 50%

of the total volume.

Once a method has been developed, proper system suitability and standard
checks should be incorporated into the method. This includes procedures for
finding the titer strength for volumetric systems. A decision needs to be made
on how frequently this should be done, how it is accomplished, and what the
acceptance criteria will be. Also, depending on the drug substance, a decision
needs to be made on how often to run standard checks. Standard checks ensure
that the system is not being contaminated by sample.

Il. PURPOSEFUL DEGRADATION STUDIES

A. Introduction

The objective of this section is to provide guidance for developing and execut-
ing purposeful degradation experiments for pharmaceutical drug candidates.
According to ICH Guidelines on Impurities in New Drug Products, a degra-
dation product is defined as a chemical change in the drug molecule brought
about over time and/or by action of, e.g., light, temperature, pH, or water, or
by reaction with an excipient and/or the immediate container/closure system




96

KAREN M. ALSANTE et al.

(also called decomposition product).” Our goals for this section are to set forth
guidelines for these purposeful degradation studies and to describe the current
procedures for conducting a purposeful degradation study. The critical nature
of these studies is also emphasized in the ICH Guidelines”: “results from these
studies will form an integral part of the information provided to regulatory
authorities.”

The ICH Guideline on Stability Testing of New Drug Substances and
Products provides some guidance on stress testing or purposeful degradation®:

Stress testing helps determine the intrinsic stability of the molecule by establish-
ing degradation pathways in order to identify the likely degradation products and to
validate the stability indicating power of the analytical procedures used. Stress test-
ing is conducted to provide data on forced decomposition products and decomposition
mechanisms. The severe conditions that may be encountered during distribution can be
covered by stress testing. These studies should establish the inherent stability charac-
teristics of the molecule, such as the degradation pathways, and lead to identification
of the degradation products and hence support the suitability of the proposed analyt-
ical procedures. The detailed nature of the studies will depend on the individual drug
substance and type of drug product.

The traditional system for developing analytical methods for active phar-
maceutical ingredients as well as formulations involves performing purposeful
degradation experiments in the method validation phase to challenge the speci-
ficity of the methodology.!? Using this conventional validation protocol, it is
difficult to develop a stability-indicating analytical method before having “key
stability-indicating” samples generated from purposeful degradation studies to
challenge the methodology. The 1987 Food and Drug Administration (FDA)
Stability Guideline defines stability-indicating methodology as!:

Quantitative analytical methods that are based on the characteristic structural,
chemical or biological properties of each active ingredient of a drug product and that
will distinguish each active ingredient from its degradation products so that the active
ingredient content can be accurately measured.

This approach can lead to significant method rework if the degradation
sample set was developed and analyzed at the validation stage and then proves
the method to be nonstability indicating. One problem with this approach is
that if any of the degradation products are unknown or unanticipated, method
development has to be reinitiated very late in the process. In situations such as
this, further method development is required after significant validation work
has already been performed.

Unlike the traditional system of validation phase testing, our approach to
degradation studies starts early in the pharmaceutical drug development pro-
cess. This method allows generation of samples that predict stability according
to ICH guidelines and results in less rework of ICH stability programs. Thus,
the analyst can challenge analytical methodology with degradation samples
generated in the initial phases of method development. We are better able to
assess the validity of existing analytical methodology with respect to specificity
so the primary advantage to this approach is faster and more efficient method
development. As stated, if delayed until the validation stage, completion of
the degradation studies can be rate limiting and consequently lead to signifi-
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cant delays in project timelines. This strategy provides a rational basis for the
development of analytical methods, formulations, and packaging plans.

Purposeful degradation studies are not a one-time event. They are initi-
ated in the introductory phase of the development process and continue over
the lifetime of a candidate. Purposeful degradation studies include appropriate
solid and solution state challenges to mimic potential future storage conditions
including acid/base hydrolysis, thermal/humidity, oxidation, and light expo-
sure in accordance with ICH guidelines. For drug product studies, placebo and
drug substance are run as control samples for each condition (see Section II.C
for more details).

In the following sections, a more detailed guideline will be presented on
how to perform purposeful degradation experiments. Under this approach, the
design of the purposeful degradation protocol is based on the drug substance
and drug product chemistry. The analytical methodology is challenged with
samples degraded using “reasonable conditions.” The definition of reasonable
conditions is 10-20% degradation of the pharmaceutical active ingredient.
Kinetic points are obtained for each condition along the degradation path-
way to gain a better understanding of mechanism. Using this approach, the
analyst focuses on the key primary degradation products and generates degra-
dation samples more predictive of ICH stability. Without kinetic points, it is
difficult to determine the primary degradation products and degradation mech-
anisms can be obscured. It is possible that in the following reaction sequence
(Scheme 1), the primary decomposition product (Compound B) is not stable
at elevated temperature stress and further converts to Compound C. However,
under ICH stability studies, Compound B may have a significant lifetime. In
this example, it is critical to capture Compound B in purposeful degradation
testing. To accurately identify the key degradants that predict ICH stability,
kinetic points must be taken along the reaction pathway (see Section IL.D for
more details).

The ICH Guideline on Stability Testing of New Drug Substances and
Products states the following for stress testing or purposeful degradation®:

It is recognized that some degradation pathways can be complex and that under
forcing conditions decomposition products may be observed which are unlikely to be
formed under accelerated or long term testing. This information may be useful in devel-
oping and validating suitable analytical methods, but it may not always be necessary
to examine specifically for all degradation products, if it has been demonstrated that in
practice these are not formed.

If in later-stage studies significant ICH stability data are available,
emphasis can be placed on the degradants observed with ICH stability
conditions.

Degradation samples are analyzed at the initial phases of high-
performance liquid chromatography (HPLC) method development using

A —> B — C
ky 2

- SCHEME | Reaction sequence.
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purity (for area percent values of degradants) and potency methods (to obtain
assay values for the amount of active ingredient remaining against reference
standards). By performing these analyses, the analyst is able to obtain mass bal-
ance data and a better understanding of the level of degradation occurring (see
Section IL.D for more details). For all conditions, samples should be examined
for any changes in physical properties (appearance, clarity, and color). If poly-
morphism is of concern, degradation samples can be analyzed for polymorphic
conversion.12: 13 For color measurements, a useful degradation instrument is
a colorimeter. Unlike the human eye that cannot quantify color accurately, a
colorimeter expresses colors numerically according to international standards.
LAB color space is presently one of the most popular and uniform color spaces.
L, A, and B refer to the three axes of the system: a lightness axis (L) and two
axes representing both hue and chroma, red-green (A) and blue-yellow (B).1#

B. Drug Substance Degradation Studies

Purposeful degradation studies of the drug substance include appropriate solu-
tion and solid-state stress conditions (e.g., acid/base hydrolysis, heat, humidity,
oxidation, and light exposure, in accordance with ICH guidelines). Guidelines
from the United States Pharmacopoeia (USP), ICH, and FDA provide a brief
outline of drug substance conditions. The ICH guidelines specifically state®- 11:

Stress testing is likely to be carried out on a single batch of material and to
include the effect of temperatures in 10°C increments above the accelerated temper-
ature test condition (e.g., 50 °C, 60 °C, etc.); humidity where appropriate (e.g. 75% RH
or greater); oxidation and photolysis on the drug substance plus its susceptibility to
hydrolysis across a wide range of pH values when in solution or suspension.

The degradation samples should be monitored by appropriate HPLC
methods for any changes in chromatographic purity profiles as well as for
recovery of drug substance. Specified stress conditions should result in approx-
imately 10-20% degradation of the drug substance or represent a reasonable
maximum condition achievable for the drug substance. If no degradation is
observed under the conditions that will be detailed in this section, it is rec-
ommended that stress testing be stopped. The analytical methods developed
need to separate degradants observed on stability; therefore, it is critical that
the stress-testing model be realistic. Excessive stress will lead to decomposi-
tion beyond primary degradation components. This level of stress will cause
unnecessary method development for separation of components that will never
be observed upon storage according to ICH guidelines. The specific conditions
(intensity and length of time) will depend on the chemical characteristics of the
drug substance. This guidance pertains to finished drug substance methodolo-
gies; however, these studies can be modified for challenge of in-process control
methodologies as well.

If there are multiple salt forms or polymorphs being developed in parallel,
it is helpful to perform comparative purposeful degradation studies on each
form. Additionally, if there are stability issues with a particular salt form, it is
advantageous to analyze the salt without drug substance as a control through
the method development process as well as the free acid/base form of the com-
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pound. These samples can also be used to challenge the stability-indicating
nature of in-process control method development.

To get started with purposeful degradation studies, the following parame-
ters are useful. A solubility study for acid/base and oxidation solution studies
prevents significant experiment rework (see Section II.B.1 and Section IL.B.3
for more details). In terms of quantity of material, the recommended amount
needed for experimental purposes is at least 300 mg of drug substance at the
early stage of development when there are limited quantities of material and
10-15 g of drug substance at the late stage of development when the supply
is not as limited. It is useful to have material manufactured by the proposed
commercial process for the more detailed second-generation experimentation
in later-stage development. Again, it is critical to have samples representative
of what will be observed upon ICH stability guidelines storage.

For the degradation conditions outlined in this chapter, all samples gener-
ated should be stored at or below 5 °C to preserve kinetic points until HPLC
screening analysis can be performed. Key samples can then be used to opti-
mize the analytical methodologies. It is important that these key predictive
samples do not continue to react with time, since this would yield nonpre-
dictive secondary degradants. These additional variables would make method
development (especially peak tracking) extremely difficult in the optimization
phase (see Section IL.D for more details).

Using the conditions and kinetic time point ranges in this guidance, a pur-
poseful degradation study will take approximately 6 weeks. This time frame
and number of kinetic points taken can be reduced by a factor of 2 for
early-stage work where timelines are typically much shorter.

I. Acid/Base Stress Testing

Acid/base stress testing is performed to force the degradation of a drug
substance to its primary degradation products by exposure to acidic and basic
conditions over time. Functional groups likely to introduce acid/base hydroly-
sis are amides (lactams), esters (lactones), carbamates, imides, imines, alcohols
(epimerization for chiral centers), and aryl amines.

To initiate acid/base studies, a preliminary solubility screen of the drug
substance is performed. Solubility of at least 1 mg/mL in 1 N acidic and 1 N
basic conditions is recommended for the acid/base stress testing; however, con-
centrations less than 1 mg/mL can be used if solubility is an issue. In some
cases, a co-solvent may be necessary to achieve the target concentration. Spe-
cial attention should be given to the drug substance structure when choosing an
appropriate co-solvent. One should carefully investigate the chemical composi-
tion of the drug substance and take care not to use a co-solvent that may react
with it. For example, methanol and other alcohols are avoided for acidic con-
ditions if the compound contains a carboxylic acid, ester, amide, aryl amine,
or hydroxyl group. This prevents significant experimental artifact components
involving reaction with methanol and other alcohols. Also, 1 N NaOH and
acetonitrile are miscible only for solutions containing 20% acetonitrile or less;
therefore, the use of acetonitrile as a co-solvent for basic challenges can be
problematic.
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A stock solution of the drug substance at the appropriate concentration
using water and co-solvent (if necessary) is prepared for the set of acid/base
hydrolysis studies. This solution is used to prepare the acid and base solutions
as well as the drug substance “as is” control. Different co-solvents can be used
in the acid and base degradation studies. If the co-solvent is not the same, drug
substance “as is” and acid/base control (no drug substance) samples will need
to be prepared in each of the solvent systems. For a summary of suggested
samples and kinetic points see Table 1.

Acid/base reactions should be initiated at room temperature in the absence
of light. Heat should be avoided where possible, because this introduces a sec-
ond variable. If no degradation is observed at room temperature, then the
temperature can be increased. A better understanding of the degradation path-
way can be obtained if kinetic points are taken along the course of the acid/base
reaction (typically from 0-1 week). If the acid/base reaction proceeds rapidly,
it is appropriate to obtain more kinetic points at the start of the reaction. If the
24-h time point shows 10-20% degradation and the primary degradants are
understood, there is no need to continue the reaction out to the 1-week point.

By using this acid/base technique, samples can be monitored on-line with-
out the need to quench before HPLC analysis. Kinetic points taken along
the reaction pathway are stored at or below 5°C until HPLC screening is
conducted. Often the acid/base reactions proceed too rapidly even at low tem-
perature and a quenching step may be necessary to hold a critical kinetic
product distribution. If a quenching step is required, a generic quenching
sequence involves the use of 1 equivalent of the conjugate acid or base followed
by 2.5 equivalents of ammonium acetate for neutralization. One of the major
disadvantages of the quenching step is solubility. If the drug substance is very
insoluble at neutral pH, the drug substance may precipitate out of solution in
the neutralization step, and as a result, further solubility experiments may be
necessary. Therefore, the technique of choice involves on-line HPLC screening
of acid/base hydrolysis samples without pH adjustment and only temperature
cooling of samples to preserve the kinetic product distribution.

Another critical parameter in the acid/base hydrolysis experiment involves
incorporation of the appropriate controls. The critical controls are “as is” drug
substance and acid only and base only at an appropriate concentration with-
out the drug substance. Additionally, if elevated temperature is required, a
thermal control sample should be run at the reaction temperature without acid

TABLE | Guidance on Acid/Base Experimental Setup

Samples: Drug substance + acid (1 N HCl)
Drug substance + base (1 N NaOH)
Drug substance “as is”
Acid control (1 N HCI)
Base control (1 N NaOH)

Kinetic points: 0-1 week
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or base to determine whether the degradation observed is the result of ther-
mal or acid/base degradation. If acid/base quenching is involved, the controls
should also be quenched.

The acid and base stress conditions should result in approximately 10—
20% degradation of the drug substance or represent a reasonable maximum
condition achievable. If this level of degradation is not achieved, additional
hydrolysis experiments should be performed at no more than 70°C for a
1-week total reaction time. Going above this level of stress is not recommended
for typical drug substance materials. Excessive acid/base stress will produce
nonpredictive samples and will lead to unnecessary effort in the HPLC method
development.

2. Thermal and Thermal/Humidity Stress Testing

The goal of thermal and thermal/humidity studies is to force the degra-
dation of drug substances over time to determine the primary thermal and/or
humidity degradation products. To evaluate stability utilizing elevated temper-
atures (above the ICH guidelines for accelerated thermal humidity challenges),
stress conditions are selected based on a conservative estimate of the Arrhe-
nius expression—a quantitative relationship of reaction rate and temperature
[Eq. (3)] using an average activation energy.!® Based on this estimate, a 10 °C
increase in temperature results in a doubling of the reaction rate and a decrease
in the reaction time by a factor of 2. Using this rule of thumb, 1 year at 30°C
is equivalent to 3 weeks at 70 °C. As a result, the recommended study length
for samples to predict a 2-year room temperature shelf life is 6 weeks at 70 °C
(Table 2). This estimate is more likely to be true at or near room temperature.1®
It is also worth noting that increasing the energy of the system may produce
products not seen under ICH stability guidelines because there is more energy
available to reach activation barriers to products that cannot be formed under
ICH conditions. In these cases, it is essential to compare results to ICH stabil-
ity data and run experiments over a few temperature increments to get a better
correlation to ICH stability. Additionally, it is important to determine early
kinetic points at 70 °C to get an understanding of the primary degradants.

E
kobs = AeXp<_R_;—|> 3)

where kg, is a specific rate constant, A is the preexponential factor, E; is
activation energy, T is temperature in degrees Kelvin, and R is the gas constant
(1.987 cal K~1 mol—1).

To perform a 70 °C challenge, an example kinetic pull point setup is exe-
cuted over a 6-week time frame with more pulls early in the reaction time scale
(Table 3). For thermally unstable compounds, the early kinetic points enable
the analyst to observe the primary degradation products that may have further
converted by the end of the 6-week study. Humidity stress is also factored into
this model. The starting stress conditions with humidity levels are 70 °C/30%
RH (ambient humidity) and 70°C/75% RH. These starting conditions are
modified if a compound 