
CHAPTER 1

INTRODUCTION

Current trends in drug development emphasize high-volume
approaches to accelerate lead candidate generation and evaluation.
Drug discovery-based technologies that involve proteomics, biomol-
ecular screening, and combinatorial chemistry paved the way, result-
ing in shortened timelines and the generation of more information
for more drug candidates. The impact on the overall drug develop-
ment cycle has been significant, creating unprecedented opportuni-
ties for growth and focus, particularly in the analytical sciences.

EMERGING ANALYTICAL NEEDS

Perhaps a major cause of these opportunities is the fact that the rate
of sample generation far exceeded the rate of sample analysis. To put
this factor in perspective, consider the following example that deals
with combinatorial chemistry. Prior to the advent of combinatorial
chemistry technologies, a single bench chemist was capable of syn-
thesizing approximately 50 final compounds per year, depending 
on the synthesis. Today, chemists are capable of generating well over
2000 compounds per year, using a variety of automated synthesis
technologies. If traditional approaches to analytical support were
maintained, then analysts would outnumber chemists by nearly 40 
to 1!
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The reality of the situation has become evident: Without analyti-
cal tools that could keep pace with new benchmarks for sample 
generation, the advantages would not be fully realized. Thus, the
relationship between sample generation and analysis is a major issue
in the pharmaceutical industry. Clearly, traditional approaches for
analysis are not capable of meeting specialized needs created by dra-
matic improvements in sample generation.

New technologies figure prominently in the success of drug devel-
opment and directly impact pharmaceutical analysis activities. The
integration of sample generation technologies such as combinator-
ial chemistry workstations, for example, created distinctly new req-
uisites for analysis. Rapid, high throughput, sensitive, and selective
methods are now a requisite for pharmaceutical analysis. Also, the
ability to analyze trace mixtures, using an instrumental configuration
compatible with screening approaches, emerged as an important
feature.

As requirements for analysis rapidly adapted to breakthroughs 
in sample generation, a new scientific and business culture aimed at
decreasing costs and accelerating development became entrenched
in the pharmaceutical industry. These factors combined to produce
more frequent, and perhaps, new demands on analysis. In particular,
these demands underscored the importance of analytical instrumen-
tation and the creation of novel analysis strategies. For example, to
keep pace with emerging needs, the timely evaluation of new tools
and applications appropriate for pharmaceutical analysis is essential.
Once evaluated, the effective integration of these analysis tools 
represents an equally significant hurdle. The development of novel
strategies for analysis has been an effective approach for introduc-
ing new technologies and for creating opportunities for streamlined
drug development.

These trends have been complemented by the need to determine
or predict molecular and physicochemical properties of an unprece-
dented number of structurally diverse molecules faster than previ-
ously required and at earlier stages in the drug development cycle.
Prospective methods for investigating pharmaceutical properties
were born, along with data-mining techniques to search large data-
bases. Furthermore, new experimental approaches typically gener-
ated samples that contain small quantities of analyte in complex
mixtures. This combination placed a tremendous burden on existing
methods for pharmaceutical analysis.

Many industry initiatives feature the integration of sample-
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generating and analysis activities, resulting in new paradigms for the
discovery, evaluation, and development of pharmaceuticals. The
basic idea of these initiatives is to do more with less. Invariably, more
resources tend to be awarded to activities involved with sample 
generation, whereas less is received for analysis. As a result, a wide
variety of analysis-based applications have been implemented. These
applications emphasize efficiency and throughput. Three common
themes arose from these activities:

1 An earlier availability of information leads to faster decision
making.

2 Integration of instrumentation with information networks is 
a popular approach for combining high throughput analytical
information generation with drug candidate screening.

3 Software is a powerful resource for the coordination of analy-
sis events and the management and visualization of data.

A considerable growth in analysis methods resulted, with the
primary focus being on accelerating drug development. New tools
and strategies for analysis combined with technologies such as 
biomolecular screening, combinatorial chemistry, and genomics 
have positioned the pharmaceutical industry to harvest discovery
and manufacture development opportunities.

INTEGRATION OF LC/MS INTO DRUG DEVELOPMENT

Liquid chromatography/mass spectrometry (LC/MS)-based tech-
niques provide unique capabilities for pharmaceutical analysis.
LC/MS methods are applicable to a wide range of compounds of
pharmaceutical interest, and they feature powerful analytical 
figures of merit (sensitivity, selectivity, speed of analysis, and cost-
effectiveness). These analytical features have continually improved,
resulting in easier-to-use and more reliable instruments. These devel-
opments coincided with the pharmaceutical industry’s focus on
describing the collective properties of novel compounds in a rapid,
precise, and quantitative way. As a result, the predominant pharma-
ceutical sample type shifted from nontrace/pure samples to trace
mixtures (i.e., protein digests, natural products, automated synthesis,
bile, plasma, urine). The results of these developments have been sig-
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nificant, as LC/MS has become the preferred analytical method for
trace mixture analysis (Figure 1.1).

An important perspective on these events, improvements in
LC/MS technology and industry change, is just how LC/MS tech-
niques became so widely accepted within every stage of drug devel-
opment. It can be argued that the proliferation of LC/MS occurred
not by choice but by need. For example, if a nuclear magnetic reso-
nance (NMR)-based approach existed for the quick, sensitive, and
efficient analysis of combinatorially derived mixtures in the early
1990s, then LC/MS would certainly have had a limited role in this
area of drug development. However, at the time LC/MS provided
the best performance without any rival or complement.

The significance of this fact is twofold. First LC/MS has, indeed,
become the method of choice for many pharmaceutical analyses.
Because the utilization of analysis technology in the pharmaceutical
industry is highly dependent on perception, the breakthroughs and
barriers that LC/MS has overcome provided opportunity for accep-
tance and a widened scope of application. Currently, LC/MS is
widely perceived in the pharmaceutical industry to be a viable
choice, as opposed to a necessary alternative, for analysis. Second,
these events led to an increased understanding of LC/MS in such a
way that practitioners and collaborators have become more diverse.
The result of this diversity is a mutually shared sense of purpose
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Figure 1.1 Structure analysis matrix that illustrates pharmaceutical analy-
sis preferences for four specific sample types: nontrace/pure; nontrace/
mixture; trace/pure; and trace/mixture. (Courtesy of Milestone Develop-
ment Services, Newtown, Pa., USA.)



within the industry, inspiring creativity and generating new perspec-
tives on analysis.

Along with timing and perception issues, four technical elements
have been critical for the acceptance of LC/MS-based techniques in
the pharmaceutical industry. The first is separation sciences. Simply
put, the chromatographic method defines the pharmaceutical analy-
sis. Chromatography provides analytical criteria to compare, refine,
develop, and control the critical aspects of developing and manu-
facturing high-quality drug products. Thus, it is common in industry
to see LC/MS methods distinguished by the chromatographic tech-
nology and features rather than by mass spectrometry performance
and capabilities. Indeed, the effective combination of a wide variety
of high performance liquid chromatography (HPLC) technologies
and formats with mass spectrometry played a vital role in the accep-
tance of LC/MS. This achievement is significant because HPLC-
based methods are a universally recognized analysis “currency,”
and perhaps, the first to be used throughout every stage of drug
development.

The second element that allows for industry acceptance of LC/MS
techniques is mass spectrometry. The analytical figures of merit
dealing with sensitivity and selectivity provide a powerful platform
for analysis. However, it was not until these analytical attributes
could be harnessed into a reliable, reproducible, rugged, and high
throughput instrument that mass spectrometry techniques could be
taken seriously as an integral tool for drug development. Though
perhaps indirect, the pioneering work performed with LC/MS inter-
faces that featured moving belt (Smith and Johnson, 1981; Hayes et
al., 1983; Games et al., 1984), direct liquid introduction (DLI) (Yinon
and Hwang, 1985; Lee and Henion, 1985; Lant et al., 1985), thermo-
spray ionization (TSI) (Blakely and Vestal, 1983; Irabarne et al.,
1983), and electrospray ionization (ESI) (Whitehouse et al., 1985;
Bruins et al., 1987; Fenn et al., 1989) approaches certainly played 
a significant role in the acceptance of mass spectrometry as a rou-
tine tool for pharmaceutical analysis. Furthermore, added dimen-
sions of mass analysis provide enhanced limits of detection for the
analysis of complex mixtures and unique capabilities for structure
identification.

The third element is information. The rate of analysis and sub-
sequent distribution of results has grown tremendously due to the
increased use of LC/MS and other information-rich technologies.
From strictly an analysis perspective, LC/MS has demonstrated a
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unique capability for maintaining high quality performance and a
rapid turnaround of samples. Yet, it is the accurate and efficient 
processing of information that has been essential for LC/MS use 
and acceptance. As a result, LC/MS has developed unique partner-
ships with tools responsible for sample tracking, interpretation, and
data storage. Consequently, LC/MS has become an information-rich,
information-dependent technology in the pharmaceutical industry.
LC/MS is highly dependent on software to integrate key analysis 
elements that deal with sample preparation, real-time analysis deci-
sions, and the distribution of results. The pharmaceutical industry 
has benefited from this trend and, as a result, the derived informa-
tion has been easily translated into a form that many professionals
can understand, interpret, and base their decisions on.

Finally, the fourth element is a widened scope of application. The
fact that LC/MS is now routinely used during every stage of drug
development is a powerful benchmark for acceptance. The increased
performance of applications that incorporate LC/MS have, in turn,
stimulated new performance levels for sample preparation, high
speed separations, automated analysis, information databases, and
software tools, to name a few. Motivated by unmet industry needs,
the drive for new applications has stimulated tremendous growth in
pharmaceutical analysis marked by invention and creativity.

PARTNERSHIPS AND ACCEPTANCE

What has happened in the pharmaceutical industry during this 
relatively short time span is truly remarkable. With the advent of
advanced technologies responsible for increasing the rate of sample
generation, there is strong motivation to respond with LC/MS-based
analysis techniques. The understanding of principles, fundamentals,
operation, and maintenance enabled researchers to improve analy-
tical performance. The power of “seeing is believing” led to lower
barriers of acceptance as well as to a new breed of practitioners.

Chemists, biologists, and other industry professionals are becom-
ing more familiar and comfortable with LC/MS and its correspond-
ing data as an everyday tool for analysis. The vast technical advances
with LC/MS, along with a renewed emphasis on sharing, collabora-
tion, and mutual understanding among disciplines, have helped
researchers increase efficiency and overall productivity. At the 
same time, highly trained, highly skilled analysts are continually chal-
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lenged with learning new principles in chemistry, molecular biology,
and pharmaceutical development.

Of course, all of the previously mentioned successes would not
have been possible without basic research and the ultimate design
and manufacture of analytical instrumentation. Basic research and
the manufacture of high performance instruments have each played
a significant role in the drug development process. Continued rela-
tionship and partnership with universities and instrument manufac-
turers help to increase awareness and better understanding, and to
bridge the gaps among research, discovery, and the development of
high-quality pharmaceutical products.

The seven ages of an analytical method first described by Laitinen
(1973) can be used to depict the important partnerships among acad-
emia, instrument manufacturers, and the pharmaceutical industry.
These partnerships are responsible for the widened scope of appli-
cation and acceptance of LC/MS in the pharmaceutical industry
today. The ages of an analytical method are translated into stages of
LC/MS events that lead to its routine use in the pharmaceutical
industry (Table 1.1). The various stages represent a continuum for
LC/MS advancement, beginning with basic research performed in
universities, followed by the design and manufacture of instruments,
and concluding with industry benchmarks for acceptance.

The first and second stages involve the conception of the funda-
mental principles and experimental validation of the analytical
potential, respectively. The basic research conducted in universities
during the 1970s and 1980s marked the conception stage of LC/MS
methods. For example, the fundamentals of interfacing an HPLC 
with a mass spectrometer were studied (Arpino et al., 1974; Carroll
et al., 1975; Arpino, 1982) and mechanisms of ionization were 
characterized (Thomson and Iribarne, 1979; Blakely et al., 1980;
Whitehouse et al., 1985). The validation stage of the analytical
method represents the convergence of interest among research,
instrumentation, and potential application. The results and interest
generated from the basic research that dealt with LC/MS led to sig-
nificant investments in technology from instrument manufacturers.
Applications dealing with pharmacokinetic (Covey et al., 1986) and
biomolecular (Wong et al., 1988) analysis showed significant promise,
insight, and direction. The market potential of an LC/MS instrument,
providing expanded capabilities over gas chromatography/mass 
spectrometry (GC/MS) and HPLC methods for pharmaceutical
analysis, was realized. The availability of commercial instruments
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provided the pharmaceutical industry with LC/MS capabilities plus
training, service, and technical support. Applied research directed
toward meeting current industry needs ensued, with active partici-
pation and collaboration from university- manufacturing- and 
pharmaceutical-led research groups (Covey et al., 1991; Weintraub 
et al., 1991; Aebersold et al., 1992; Weidolf and Covey, 1992). The
ability to reliably develop and refine LC/MS-based methods helped
to establish a solid fundamental foundation of this technique. The
utility of LC/MS methods for quantitative bioanalysis was bench-
marked as the industry standard in the early 1990s for performance
and efficiency (Fouda et al., 1991; Wang-Iverson et al., 1992). New
products were designed and developed exclusively for LC/MS per-
formance. A widened scope of application occurred with the devel-
opment of unique LC/MS-based methods for the analysis of novel
pharmaceuticals. Analysis methods were easily developed and
refined in the pursuit of opportunities created by the use of tradi-
tional, time-consuming procedures. Applications that deal with bio-
molecule analysis, drug metabolism and pharmacokinetics, natural
products research, and combinatorial chemistry represent some
important areas of LC/MS diversification and are discussed in the fol-
lowing chapters of this book. Perhaps the most significant bench-
marks for industry acceptance of LC/MS appeared when fully
automated methods were developed for high throughput analysis
and when collaborators (i.e., sample generators) themselves became
analysts via the purchase of instruments or routine use of open-access
instruments (Taylor et al., 1995; Pullen et al., 1995). These methods
and approaches were developed primarily in response to sample-
generating technologies. And this step represents the present stage
of LC/MS methods in the pharmaceutical industry.

Although the scope of application continues to grow, the routine
use of LC/MS technologies are now embraced by pharmaceutical
researchers. Standard methods that incorporate highly specialized
features are routinely developed for a variety of novel applications.
Furthermore, many LC/MS applications that deal with quantitative
bioanalysis (i.e., pharmacokinetics studies) are frequently out-
sourced to contract analytical laboratories. Thus, the routine use of
LC/MS is a benchmarked commodity for drug development.

The final stage, senescence, does not appear to be a prospect in the
near future, but a decline in popularity and application will likely
occur sometime. Perhaps the onset of this stage will be triggered by
the divergence of academic, instrument manufacture, and industry
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interests. However, the current industry trends highlight the tremen-
dous challenge of drug development and an expanding need for tools
that provide for fast, sensitive, and selective analysis of drugs and
drug-related compounds.

OVERVIEW

This book focuses on LC/MS applications in drug development. It
examines the role of LC/MS in the pharmaceutical industry during
the past decade and illustrates key elements for success that include
significant advances in instrumentation, methodology, and applica-
tion. The applications are highlighted with reference to the analysis
opportunity and analysis strategy is implemented. Examples that
depict unique advantages of LC/MS during specific stages of drug
development are selected to capture the significant events and/or 
initiatives that occurred in the pharmaceutical industry during this
time. In many instances, an analysis is provided to illustrate the result
or development situation if LC/MS was not used. In these cases, the
impact (number of samples) and value (cost) on drug development
is highlighted independent of the technical features of LC/MS analy-
sis. These unique industry perspectives offer an enabling “currency”
and assist in understanding the events that resulted in the prolifera-
tion of LC/MS throughout the drug development cycle.

The book concludes with perspectives on future trends and some
thoughts on the future direction of LC/MS applications in the phar-
maceutical industry. New standards of analytical performance are
discussed with regard to throughput and capacity. A prospective look
at how higher standards of analytical performance in the pharma-
ceutical industry will effect relationships with academia and instru-
ment manufacturers is featured. These sections extend the initial
thesis of accelerated development to include new analysis bottle-
necks and perspectives on analysis issues and industry needs.
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