
F O C U S O N M O L E C U L A R I M A G I N G

Accelerating the Development of Novel Molecular
Imaging Probes: A Role for High-Throughput
Screening

Molecular imaging is a rapidly emerging research tool and clinical
discipline aimed at noninvasive, quantitative visualization of in
vivo molecular processes occurring at cellular and subcellular
levels. At present, advancement of the molecular imaging field
is driven by the development of improved imaging hardware for
use in preclinical and clinical settings, the identification and val-
idation of new, biologically relevant imaging targets, and the
development of improved imaging probes derived from novel
chemistries. Of these 3 essential facets, which comprise a major-
ity of current molecular imaging research, hardware develop-
ment and novel target discovery significantly outpace the
development and clinical advancement of new molecular imag-
ing probes, particularly with respect to cancer imaging.
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To date, several imaging probes that aim to measure
fundamental biologic processes known to be dysregulated
in tumors, including glucose use, proliferation, apoptosis,
hypoxia, and angiogenesis, have been described (1). Many
of these imaging probes have been used fairly extensively in
the preclinical setting, and some have been used to a lesser
extent clinically. In reality, however, molecular imaging in
clinical oncology typically consists of the assessment of glu-
cose use with 18F-FDG PET. The regulation of glycolysis is a
complicated process involving several biologic factors capable
of influencing the overall glycolytic pathway; therefore, 18F-FDG
PET studies must be interpreted with some caution, because
imaging results can vary significantly depending on the tumor
type, stage, and cellular response to a therapeutic intervention.
Given the current emphasis on the development of sophisticated
molecularly targeted and individualized therapeutic regimens for
the treatment of cancer, expanding the oncologist’s imaging
repertoire to include probes capable of reporting more specific
molecular events and relevant downstream cellular physiology
may be of considerable clinical relevance. For these reasons,
there is significant interest in the development and validation of
additional novel imaging probes that have the potential to

contribute insights into tumor biology and the therapeutic
response that may extend beyond what can be learned with
currently existing tracers, such as 18F-FDG.

The development, validation, and subsequent advancement
to the clinic of new molecular imaging probes is a time-
consuming, expensive, and multidisciplinary process. According-
ly, there exists a considerable bottleneck between the discovery
of new targets and the subsequent realization of imaging
probes to interrogate them. As a result, alternative technolo-
gies, such as high-throughput, small-molecule screening (HTS),
are being explored as vehicles to accelerate the discovery phase
of imaging probe development. Compound-enabling infrastruc-
ture, such as combinatorial chemistry, diversity-oriented syn-
thesis, and phage display techniques, has matured rapidly in
recent years and has led to the assembly of vast, chemically
diverse, small-molecule libraries, many containing hundreds of
thousands of representative compounds. Paired with state-of-
the-art HTS technology, these systems have been widely used in
the pharmaceutical industry and, more recently, academia to
identify potential drug candidates, although similar methodol-
ogy also could be applied to molecular imaging probe discovery.

The overall aims of this minireview are to provide a brief
introduction to the salient features of HTS and to illustrate the
possibilities that may exist for the use of HTS as a platform for
accelerating imaging probe discovery. Because the specific
implementation of HTS tends to be dictated by the fluidity of
rapidly evolving technology, this discussion generally empha-
sizes the more universal aspects of HTS, such as the types of
screening assays possible and typical model systems that may be
used, rather than specific details of hardware and instrumenta-
tion.

COMPOUNDS AND COMPOUND LIBRARIES

Given their generally favorable biodistribution properties and
ability to modulate numerous physiologic processes invitro and in
vivo, small molecules are attractive candidates for the develop-
ment of new drugs as well as potential new imaging probes.
Significant progress has been made in recent years toward the
rapid assembly of vast libraries of relatively small biopolymers,
such as peptides and small, druglike organic molecules. Solid-
phase parallel-synthesis methodology, as pioneered by Merrifield
(2), initially led to the assembly of peptide libraries and dem-
onstrated the feasibility of high-throughput chemical synthesis.
On the basis of this methodology, in more recent years, com-
binatorial approaches, such as split-pool synthesis, which enable
tens of thousands of peptides to be synthesized simultaneously
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rather than individually in parallel, have increased the rate at
which extremely large, diverse peptide libraries can be prepared
(3). In a similar fashion, combinatorial methodology has been
elegantly applied to chemically diverse nonpeptidic small mol-
ecules, as illustrated by the work of Schreiber (4) and Wong et al.
(5). In particular, increasing emphasis has been placed on
synthesizing structurally complex compounds that more closely
reflect the chemical diversity of natural products as a means to
improve the quality of compound collections and the likelihood of
generating hits. As a result of these developments in chemistry, the
rate at which suitably diverse and biologically relevant compound
libraries can be assembled and the prospects of identifying
meaningful compounds from these collections are now quite high.

BIOLOGIC PLATFORMS FOR HTS

Many model systems that emulate a wide variety of in vivo
molecular events can be adapted for HTS. Factors that contribute
to the selection of an HTS model system include the intended use
of identified candidate molecules (e.g., drug, model compound,
or imaging probe), the availability of appropriately validated
biologic models (e.g., purified target substrates, cell lines, or
model organisms), and cost. Contemporary HTS usually
involves biologic models that can be defined broadly as
protein-based, cell-based, and organism-based systems (6).
Although the specific details of individual assays, such as scale
and method of detection, can vary widely, the 3 classes of
systems generally are distinguished by their level of reduction-
ism. Screening can be approached with either forward or reverse
bias. In forward screening, assays are established to identify
candidate compounds with specificity for a phenotype of
interest, rather than focusing on a specific, predefined target.
Alternatively, reverse screening is designed to seek candidate
compounds with specificity for a known target. By convention,
reverse screening is more focused than forward screening; this
fact can have advantages and drawbacks, depending on the
hypothesis being tested. Given that the selection of an HTS
model system typically involves some level of compromise
among relevance, feasibility, and cost, the salient features and
inherent strengths and weaknesses of each class are considered
(Fig. 1).

Protein-Based Assays

Among the most basic of model formats for HTS are protein-
based assays. These assays typically are designed to detect
protein–ligand interactions with the overall goal of identifying
candidate compounds with specificity for a target protein. These
target-based assays can be deployed in several ways, but typically
candidate compounds and the target protein are dispensed freely

in solution or, more commonly, either the compounds or the
protein is immobilized on a solid support, such as an inert
polymer bead, glass surface, or multiwell plate. For the latter,
significant progress has been made toward developing sophis-
ticated microarray technologies that involve the use of either
surface-bound compounds, which can be either small molecules
or peptides, or surface-bound target proteins, which are
immobilized on spatially discrete microspot arrays (6). In
these systems, screening takes place via incubation of fabricated
microarrays with mobile binding partners, and hits are detected
with a variety of techniques, ranging from fluorescence to
surface plasmon resonance.

The pure simplicity and comparatively low cost of protein-
based screening may be attractive for assays in which a validated
target in a disease state has been identified and there is significant
understanding of the target biochemistry in solution or on an
immobilized support. An inherent drawback to these simple
model assays is that they ignore the biologic complexity of intact
cells or organ systems, so that there is considerable potential for
hits derived from these types of assays to be irrelevant. For
example, compounds demonstrating an excellent affinity in
biochemical assays may have significant toxicity or be insuffi-
ciently internalized to access intracellular targets. Therefore,
apart from the intangible biologic milieu of cell-based and
organism-based systems, protein-based models are less capable
of predicting the ultimate on-target activity of candidate com-
pounds in vivo than are more sophisticated models.

Cell-Based Assays

HTS assays with intact cells are necessarily more compli-
cated and costly than protein-based assays. However, a
significant advantage of cell-based screening over protein-
based screening is predicated on the fact that many genomic
and proteomic events that are known to occur in disease states
in vivo can be recapitulated, to some extent, in cultured cells.
Accordingly, the interplay that occurs between targets of HTS
and other, related and unrelated intracellular and extracellular
milieus may afford a significantly higher degree of biologic
relevance to cell-based screening, in comparison with the
purely biochemical nature of protein-based screening. Cell-
based screening can be approached with either forward or
reverse bias and can be implemented with several formats,
although most incorporate the use of multiwell plates as
miniaturized propagation vessels. Cell-based screening routinely
incorporates the use of reporter genes, immunofluorescence, or
optical imaging assays to detect morphologic or phenotypic
responses to candidate compounds.

Limitations associated with cell-based screening include
the requirement for suitable cell lines expressing the target
of interest. Additionally, cultured cell lines propagated on
plastic surfaces as model systems neglect the effects of sur-
rounding stroma and microenvironment on disease and
therefore may not properly capture important aspects of the
in vivo setting.

Organism-Based Assays

HTS assays with model organisms of various types are rapidly
gaining favor for small-molecule discovery because they repre-

FIGURE 1. Schematic illustration showing various attributes
of HTS models. Adapted from (7).
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sent a bridge between potentially irrelevant in vitro screening
and expensive, low-throughput screening in mammalian animal
models. Despite the fact that organism-based screening is the
most complicated and expensive of the HTS assays, candidate
compounds identified by such screening are potentially among
the most biologically relevant because, unlike the situation with
protein-based or cell-based assays, disease states can be screened
in an appropriate physiologic context. Model organisms appro-
priate for use in HTS include invertebrates, such as Drosophila
melanogaster (fly) and Caenorhabditis elegans (worm) (7), and
vertebrate species, such as Danio rerio (zebrafish) (8). Key
advantages of these model systems include rapid reproduction
and scalability, feasibility of complex genetic manipulations,
and relatively low maintenance and propagation costs. Further-
more, numerous biologic processes and genes are conserved in
mammals and these model organisms. Limitations attendant to
using these model organisms in HTS include pharmacologic
delivery of molecules to the appropriate tissue or target compart-
ment and absolute assessment of the localized concentration of a
compound in the organism or tissue of interest.

Currently, one of the most widely used model organisms in
HTS is the zebrafish. Like D. melanogaster and C. elegans,
zebrafish have historically been used to elucidate basic devel-
opmental biology. As a vertebrate species, zebrafish are rela-
tively simple to maintain and extremely amenable to genetic and
molecular manipulations. Adults mature fairly rapidly (;12 wk)
and demonstrate robust fecundity; a single adult breeding pair
can generate ;100 eggs per clutch twice a week (8). Screening
assays typically involve the use of zebrafish embryos, which are
easily manipulated with HTS instrumentation and are optically
transparent, enabling a wealth of HTS experiments and detection
strategies. Unlike invertebrates, zebrafish develop complex

organ systems and were recently elegantly used with HTS to
screen complex disease states, such as angiogenesis (9,10) and
human cancer (11), as well as fundamental molecular events,
such as apoptosis (12). For example, a strategy that capitalized
on both the transparent nature and the genetic manipulability of
zebrafish was reported. In this strategy, a novel automated
screening assay for antiangiogenic compounds was used with
transgenic zebrafish expressing a fluorescent reporter under the
control of the vascular endothelial growth factor receptor 2
promoter (Fig. 2) (13).

IDENTIFICATION OF HITS

HTS hits can be detected in several ways. In general, suitable
methodologies are highly sensitive, quantitative, rapid, and
reasonably inexpensive. Because each method has inherent
strengths and weaknesses, the appropriateness of a detection
strategy must be weighed against the specifics of the screening
being performed. For example, an established approach for
forward screening in cell- and organism-based assays is to
observe phenotype modulation in the target specimen by either
direct observation (14) or genetic and proteomic profiling (15).
Although observation of phenotype modulation is a powerful
approach, it can be limited by expense, low throughput on typical
HTS scales, and a nonquantitative nature.

Another approach, more typical of reverse screening in
protein- and cell-based assays, includes the modulation of
known binding pairs; in this approach, the binding of a labeled,
high-affinity probe, such as an antibody, is influenced by
compounds that bind to the target of interest. This focused
strategy, which is typically assayed with fluorescence or
bioluminescence techniques, is highly capable of yielding

FIGURE 2. Screening of small-molecule
library for antiangiogenic compounds
with transgenic zebrafish. (A) Bright-
field and fluorescent images of 2-d–
postfertilization zebrafish treated with
vehicle control or PTK787 at 10 mmol/L
(positive control). Angiogenic blood ves-
sel growth was inhibited in head and
trunk of PTK787-treated embryos. (B) For
quantification of vessel growth in em-
bryos, trunk was manually isolated from
fluorescent image. Automated algorithm
counted intersegmental vessels (IV) and
various branching arteries. DLAV 5 dor-
sal longitudinal anastomotic vessel; VA 5

vertebral artery. (C) LOPAC1280 library
was collaboratively screened by Zygogen
(blue points) and Emory University (green
points). Positive hits (red points) were
defined as compounds that caused inhi-
bition of angiogenic vessel count by more
than 3 SDs from plate average. (Reprin-
ted with permission of (13).)
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compounds of interest, but allosteric interactions can confound
the interpretation of results.

An alternative approach is to perform the screening with
labeled small-molecule libraries that enable hits to be detected
spectroscopically (16). A key advantage of this strategy is the
potential for quantitative detection. However, the presence of
the label can strongly influence the physical properties of the
compound and the resultant binding potential. Label-free
methodologies, such as mass spectrometry, also have potential
for the detection of hits in HTS. For example, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
has been shown to be a powerful analytic tool that incorporates
high-speed analysis (seconds per sample) and appropriate
sensitivity (approximately hundreds of femtomoles) for the
analysis of low-molecular-weight compounds (17). It is likely
that sensitive, label-free detection methodologies suitable for
automated, high-speed analysis will continue to gain attention
for HTS applications.

FROM HTS TO IMAGING PROBES AND BEYOND

It is optimistic to anticipate that most compounds identified
during an HTS campaign will result in clinically useful
imaging probes. Rather, after the identification of a portfolio of
compounds deemed interesting, potential candidates should be
subjected to considerable scrutiny, validation, and refinement.
Analogs with structural similarity may be included in more
focused follow-up screening for comparison with the original
candidate compounds and to further establish and refine
structure–activity relationships. For candidates identified in
forward-screening assays, future characterization might in-
clude proteomic and genomic profiling used in conjunction
with affinity-labeling strategies to determine the specific
target(s) of candidate imaging probes (18). On subsequent
refinement, derivatization for molecular imaging should em-
phasize approaches that require minimal structural modifica-
tions to maintain the specific bioactivity exhibited by the
unlabeled compounds. In some instances, relatively simple
synthetic modifications of candidate compounds can yield PET
or SPECT agents via halogen substitution with PET-active
(18F) or SPECT-active (123I) radionuclides. Although any
changes to the original structure of a candidate compound may
affect the affinity of binding to the target, simple isotope
substitution has potential for success.

CONCLUSION

Among the most prominent of frontiers in imaging science is
the development of new molecular probes. Given that high-
throughput chemical synthesis capability has enabled the
assembly of tremendous compound collections and new molec-
ular targets are now discovered almost daily, a remaining
challenge is the rapid identification of highly specific com-

pounds suitable for development and translation as imaging
probes. HTS may have a role to play in addressing this major
challenge.
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