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Abstract

Molecular imaging, the visualization, characterization and measurement of biological processes at
the cellular, subcellular level, or even molecular level in living subjects, has rapidly gained
importance in the dawning era of personalized medicine. Molecular imaging takes advantage of
the traditional diagnostic imaging techniques and introduces molecular imaging probes to
determine the expression of indicative molecular markers at different stages of diseases and
disorders. As a key component of molecular imaging, molecular imaging probe must be able to
specifically reach the target of interest in vivo while retaining long enough to be detected. A
desirable molecular imaging probe with clinical translation potential is expected to have unique
characteristics. Therefore, design and development of molecular imaging probe is frequently a
challenging endeavor for medicinal chemists. This review summarizes the general principles of
molecular imaging probe design and some fundamental strategies of molecular imaging probe
development with a number of illustrative examples.
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INTRODUCTION

Molecular imaging can be defined as the /n vivo visualization, characterization and
measurement of biological processes at the molecular and cellular levels [1], or more
broadly as a technique to directly or indirectly monitor and record the spatiotemporal
distribution of molecular or cellular processes for biochemical, biological, diagnostic, or
therapeutic application [2]. During the last decades, the field of molecular imaging has
grown exponentially. Molecular imaging can provide a whole-body readout in an intact
system, which is much more relevant and reliable than /n vitro/ex vivo studies; decrease the
workload and accelerate the drug development process; provide more statistically accurate
results through longitudinal studies which can be performed in the same living subject;
facilitate lesion detection in cancer patients and patient stratification; and assess
individualized anti-cancer treatment and dose accuracy [3, 4]. The great potential of
molecular imaging offers many opportunities in the diagnosis and management of diseases
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such as cancer, neurological and cardiovascular diseases. With the accomplishment of
human genome project, rapid advancements of molecular and cell biology have been
achieved, and ever-increasing molecular targets and biomarkers have been identified,
especially those aberrantly expressed in tumor malignancy, invasiveness, and metastasis [5,
6]. Non-invasive detection of molecular markers can allow for much earlier diagnosis,
earlier treatment, better prognosis, and improved staging and management, which is
expected to have a major impact in the personalized medicine era.

To date, a good number of imaging modalities for preclinical research and clinical settings
has been developed. The predominant imaging modalities can be generally sorted out into
two categories. On the one hand, some of imaging modalities, such as ultrasound and
computed tomography (CT), can provide anatomical information which is depended on
anatomical changes associated with the disease. On the other hand, some of imaging
modalities can offer functional information of the disease and track biochemical processes /in
vivo. The imaging modalities belonging to the second category include positron emission
tomography (PET), single photon emission computed tomography (SPECT), optical
bioluminescence/fluorescence imaging, molecular magnetic resonance imaging (mMRI),
and magnetic resonance spectroscopy (MRS) [4]. PET and SPECT in addition offer the
possibility of quantification of diseases associated biochemical processes. Many hybrid
systems that combine two or more modalities are also commercially available and others are
currently under development [7-9]. Among the various imaging modalities, some of
modalities, such as PET, SPECT, and optical imaging, require the injection of molecular
probes in the tested subject in order to acquire the imaging signal, while the others, such as
optical imaging and mMRI can follow the disease either through the exogenous molecular
probes or through the endogenous molecules [4]. Because of the pivotal role of imaging
probes in the realization of the power of molecular imaging, the design and development of
the biologically active probe is becoming one of the major subjects of molecular imaging [4,
10-12].

MOLECULAR IMAGING PROBE

Molecular imaging probe is an agent used to visualize, characterize and quantify biological
processes in living systems [1, 4]. It can be referred to many other terms, such as tracer,
contrast agent, and molecular beacon. A molecular imaging probe typically comprises a
signal agent, a targeting moiety, and a linker connecting the targeting moiety and the signal
agent (Fig. 1). The signal agent usually produces signal for imaging purpose. The
applicability of imaging probe to imaging modality can be determined in terms of the
physical property of the label moiety. For example, a PET imaging probe requires a
positron-emitting radionuclide as the label whereas a SPECT imaging probe employs a
gamma-emitting radionuclide. The signal agent can be radionuclides (PET and SPECT),
bioluminescence or fluorescent molecules (optical imaging), magnetic molecules (MRI), and
microbubbles (ultrasound). The targeting moiety interacts with a target or a biomarker in a
specific biological process. The targeting moiety can be widely considered as any targeting
ligand including but not limited to small molecule, peptide, protein, antibody and its
fragments, and nanoparticle. The linker used in a molecular imaging probe can couple the
targeting moiety with the signal agent, minimize the interaction between the targeting
moiety and the signal agent and, most importantly, modify the pharmacokinetics of the
imaging probe. It is well-documented that the linker has a profound impact on the
biodistribution of the imaging probe [1, 4, 13-15]. Various types of linkers can be used to
modulate the pharmacokinetics of the imaging probe. The length, flexibility, hydrophilicity,
and charges (cationic, anionic, and neutral) are the key factors to be considered to select an
appropriate linker. Because many aspects need to be optimized to obtain the best imaging
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outcome, in some cases not all three components - the signal agent, the linker, and the
targeting moiety are simultaneously present.

Molecular imaging probes can be treated as a special class of pharmaceuticals. The
conventional pharmaceuticals are designed and developed to intervene and alter the
biological processes of diseases and lead to a positive outcome of treatment, and at the same
time show minimal toxicity in the normal tissues. Therefore, the efficacy and safety are
usually two of the most important considerations for a drug. In comparison, molecular
imaging probes are designed to detect the diseases non-invasively and reflect the
biochemical information of diseases in the format of images and, thus, provide critical
means for scientists and clinicians to better identify and understand the diseases. The
distinctive utilities of a molecular imaging probe differentiate itself from a conventional
drug. Overall, a desirable molecular imaging probe with clinical translation potential is
expected to have the following unique characteristics:

1. High binding affinity to target. It is a prerequisite to achieve ideal accumulation of
the imaging probe in the targeted tissues. Molecular imaging generally favors the
acquisition of the images at early time after administration of a molecular probe. To
obtain high uptake of the imaging probe to the target within limited circulation time
frame requires that the imaging probe has binding property of fast on-rate (K,p) and
slow off-rate (Kqs).

2. High specificity to target. Non-specific imaging probes do not have a well-defined
set of molecular targets, and they are usually used to monitor the downstream and
overall effects of diseases such as changes in blood flow and perfusion. In contrast,
target-specific molecular imaging probes can interact with particular biomarkers,
such as enzyme, receptor, and transporters, which are involved in various
biological processes associated with particular cell populations and subcellular
compartments. Because the target-specific imaging probes are able to provide
information of distinct biological processes at molecular level, they are very useful
for understanding the biology of specific disease. In addition, highly specific
binding can reduce the non-specific uptake of the imaging probe to other tissues
and, in turn, simplify the quantification analysis of imaging outcome.

3. High sensitivity. To detect the biochemical process of the disease, especially at an
early stage, frequently requires spying on the aberrant of a very small amount of
targets. The molecular imaging probe, therefore, must be highly sensitive, so that
the minimal amount of probe is needed to obtain a good quality image.
Additionally, in contrast to a therapeutic drug, a molecular imaging probe needs to
reduce the perturbation as well as pharmacological effects to biological systems
and processes at a minimal level. Thus, high sensitivity is crucially demanded for a
good imaging probe.

4. High contrast ratio. The conclusions derived from low quality images can be
sometimes misleading. High contrast images with high target-to-background or
signal-to-noise ratio ensure appropriate interpretation of physiological and
pathological conditions of the diseases. A molecular imaging probe with high
uptake and slow wash-out in target tissue, and low uptake and fast clearance from
normal organs can provide the improved imaging quality.

5. High stability /n vivo. Although only trace amount of imaging probe is normally
given to the living subjects, maintenance of the intact structure of an imaging probe
is a big challenge because numerous enzymes or proteases present in serum or
targeted tissue may degrade the imaging probe. The image information given from
the metabolites of the imaging probe undoubtedly complexifies the imaging
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readout and usually makes the understanding of disease highly vague. The quality
of the image as well as the validity of the quantitative analysis of the images
heavily depends on the /n vivo stability of the imaging probe.

6. Low immunogenicity and toxicity. The molecular imaging probes are generally
administrated in low dose and their pharmacological effects can be negligible. As a
special category of pharmaceuticals, however, the biological effects cause by an
imaging probe still need to be closely monitored. A molecular imaging probe
should have minimal or acceptable level of immunogenicity and toxicity before it
can be safely employed in human.

7. Production and economical feasibility. The low cost and excellent availability of
molecular imaging probes are advantageous for their wide distribution and clinical
routine use. High cost and difficult production dramatically hinder the application
of an imaging probe albeit it may fulfill all other characteristics described above.

As a result, it remains highly challenging for medicinal chemists to design and develop
desirable molecular imaging probes with clinical applicability.

MOLECULAR IMAGING PROBE DESIGN

The basic understanding of molecular biology behind the identified disease for imaging is
the prerequisites to start design of a molecular imaging probe. Appropriate target associated
with the biological process of the disease needs to be identified, selected, and even validated
in a testing system. The design and development of molecular imaging probe will unlikely
be successful unless the molecular target is well defined and its biological role is well
characterized. It is fortunate that the past two decades of biomedical research have yielded
an enormous amount of information about the molecular events that take place during the
development of a specific disease. With the explosion of biological data and information
generated from various genomics, proteomics, and chemogenomics approaches,
bioinformatics methods have become increasingly useful to extract or filter valuable targets
by the combination of biological ideas with computer tools or statistical methods [16—20]. In
recent years, a variety of databases, such as Gene Expression Omnibus (GEQ)
(www.nchi.nlm.nih.gov/geo), ware-housing high-throughput microarray data of tumor
expression profiles and bioinformatics initiatives, such as Oncomine [16,17], have been
developed to accelerate the discovery of diagnostic markers for human diseases. With the
availability of these biological data-mining tools, not only the appropriate target linked to a
specific disease can be more readily identified than before, but also the location and
distribution (intercellular, cell membrane, extracellular matrix, etc.) of the molecular targets
can be examined. According to the biological information, appropriate molecular platforms
can be selected and designed to obtain probes with capability to reach the targeting sites. In
addition, the molecular imaging strategies are largely relied on the nature of molecular
targets, which in turn affects the molecular imaging probe design. For instance, imaging
probes are generally designed for indirect imaging of relatively low amount of biomarkers,
such as deoxyribonucleic acid (DNA) or messenger ribonucleic acid (MRNA), whereas for
the molecular targets with abundant expression such as proteins, design of a probe to
directly interact with the targets for imaging is a valid approach [21, 22].

It is quite often that the imaging probe can bind to the biological target beautifully in vitro,
however, the /n vivo imaging results are rather frustrated. It is understandable that the
biological subject is a complex system and it has many sophisticated defense mechanisms to
prevent exogenous molecule, such as a molecular imaging probe, from performing its
intended function. A molecular probe has to possess reasonable features to overcome several
biological or pharmacological barriers, so that it can ultimately reach the specific target at
sufficient concentration and retain long enough time for imaging. First of all, the molecular
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imaging probe must remain intact in the circulation to evade the reticuloendothelial system
(RES). In addition, the molecular imaging probe must be able to reach and accumulate into
the targeted tissues such as tumor. Moreover, if the molecular imaging probe is designed to
image the intracellular target, the imaging probe has to penetrate the cell membrane and stay
inside of the cells. One of major goals of molecular imaging probe design is to maximize
probe’s ability of crossing these biological barriers.

Because molecular imaging probe is a subtype of pharmaceuticals, the knowledge and
experience gained from conventional drug design can facilitate molecular imaging probe
design. Lipinski's Rule of Five is a rule of thumb to evaluate druglikeness, or determine if a
chemical compound with a certain pharmacological or biological activity has properties that
would make it a likely orally active drug in humans. It has been widely used as a guideline
for drug design. Although such a guideline may not be exactly suitable for molecular
imaging probe design, physicochemical properties of molecular imaging probes, such as
ionization constant (pKa value), lipophilicity (LogP value), and stability, are generally
considered to be key factors related to probes’ /n vivo pharmacokinetics including
adsorption, distribution, metabolism, and excretion. It is important to determine these
properties in silico or experimentally at the beginning stage of design and development of an
imaging probe [23, 24]. lonization is a factor which is closely related to the solubility and
membrane permeability of a molecule. Many molecular imaging probes contain ionizable
groups and possess different charges within the physiological pH range. The overall charge
or the distribution of the charge of a molecular imaging probe affects its solubility,
permeability, and the binding to the active site. In addition, lipophilicity is a key parameter
which describes a molecule to distribute between a lipid and a hydrophilic phase. It reflects
the ability of an imaging probe to penetrate the lipid bilayer, as well as provides some ideas
of the probe’s metabolism and elimination. For example, the clearance of an imaging probe
with high lipophilicity is usually through the hepatobiliary system, whereas a hydrophilic
imaging probe is more likely washed out through the renal system. Finally, the imaging
probe must be stable enough within a period of imaging time to obtain the images with good
quality. It is worthy to mention that advances in high performance liquid chromatography/
mass spectrometry (HPLC/MS) instrumentation and procedures provide a powerful tool to
identify the metabolites of the imaging probe [25]. High-sensitivity and high-resolution LC/
MS instrumentation is capable of detecting the mass peak of an imaging probe and its
metabolites at tracer dose level in animal or human tissues. The knowledge of metabolic
transformations gained from HPLC/MS data can help in further modification of the imaging
probe and increasing its /n vivo stability.

The general approaches of molecular imaging probe design are depicted in Fig. 2. Coupling
of a targeting moiety with a signal agent through a linker/delivery vehicle connection is the
most common approach (Fig. 2A). The targeting moiety, such as a small molecule, a
peptide, and a protein, can be conjugated with a signal agent to generate an imaging probe
[26]. One targeting moiety can also be conjugated with several signal agents for
multimodality molecular imaging [27]. Moreover, multiple targeting moieties binding to
various targets can be constructed and labeled with one or multiple signal agents for
multiple targets imaging [28]. In order to tune the pharmacokinetics of an imaging probe, a
linker, such as polyethylene glycol chain, poly-amino acids, can be selected to connect the
targeting moiety and the signal agent. Furthermore, a delivery vehicle can also be
incorporated into an imaging probe for improving its pharmacokinetics. Many nanoparticles,
both inorganic and organic, can serve as targeting moieties as well as the delivery vehicles
[29-32]. The targeting moieties or signal agents can be coupled either on the surface of the
nanoparticles [29-34] or inside of the nanoparticles [35, 36]. The second approach
represents coupling of two signal agents through a targeting moiety (Fig. 2B). Activatable
probes or smart probes belong to this type of design [37-39]. In most cases, the targeting
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moiety is a specific enzyme substrate. Upon the interaction of the substrate with the enzyme,
the imaging signal can be generated, increased, or decreased. In the third approach, a signal
agent is served as a core while various targeting moieties can be conjugated to the signal
agent (Fig. 2C) [28]. Overall, selection of the design approach depends on many factors,
including the specific target and imaging modality. In order to generate an imaging probe
with ideal 7n vivo performance, each component of a molecular imaging probe must be
carefully investigated.

STRATEGIES FOR DEVELOPMENT OF MOLECULAR IMAGING PROBES

In general, the strategies of molecular imaging probe development can be categorized into
two major classes: random approach and rational approach. Under some circumstances, two
approaches can be combined together to develop molecular imaging probes.

Random Approach

In the past two decades, High-throughput screening (HTS) technique has become the
paramount hit identification method and the major source of leads in medium and large
pharmaceutical companies. Much earlier in the drug development process using HTS could
save significant time and money. HTS technique is also the most commonly used random
approach for identification of novel molecular imaging probes to new biological targets. A
molecule probe library can be generated using chemical approaches. Combinatorial
chemistry, such as one-bead-one-compound method [40-43], has been explored and
demonstrated as a powerful approach for probe development. Hundreds and thousands of
compounds could be prepared in a short period of time and used for bioactivity testing. The
best hit will then be labeled with signal agent and tested /n7 vivo as an imaging probe.
Besides using chemistry approach, biotechniques such as HTS /n vitro display technologies
can also be employed to generate a library of imaging probes. /n vitro phage, bacterial,
yeast, ribosome and mMRNA display technologies have been established. The rapid progress
of these display technologies has led to the discovery of many novel small peptides and
proteins with high affinity and specificity to a variety of molecular targets [44-46]. The
relatively small size of these peptides leads to fast clearance rate and rapid tumor
accumulation which are desirable properties of molecular imaging probes. Among all /n
vitro display techniques, phage display has demonstrated its great success in the imaging
probe development [47-52]. A random phage-displayed peptide library comprises a vast
population of phages, each of which expresses a unique peptide sequence on its surface.
Once a binding peptide is fished out, signal agent can be tagged onto the peptide and further
optimized for /n vivo imaging. Display technologies in conjunction with rational protein
engineering have also been used to construct non-immunoglobulin protein libraries with a
defined protein scaffold. Several small protein scaffolds have been evaluated and
demonstrated great potential for development of molecular probes for various targets [53—
58]. Recently, /n vivo HTS approach of molecular imaging probe development has been
reported [59]. This work combines the advantages of combinatorial chemistry, site specific
solid-phase radiolabeling, and /n vivo imaging for the rapid screening of molecular imaging
probes, whereby a decision regarding the potential of an imaging probe can be made rapidly.

Rational Approach

Rational design and development of molecular imaging probes is an inventive process of

finding new molecular imaging probes. It usually takes advantages of the knowledge gained
from the biological targets and requires extensive experience in the development of imaging
probes. Several methods are practically used and have demonstrated a number of successes.
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Generation from Naturally-Occurring Bioactive Molecules

Numerous naturally-occurring bioactive molecules have been discovered over the past
decades. Many of these molecules are involved in both normal and disease biological
process. These molecules can interact with enzymes, receptors, transporters, and proteins,
and provided great sources and foundations for molecular imaging probe development. For
instance, many amino acids have been converted to PET probes for imaging tumor
metabolism, such as L-[1-11C]tyrosine (*1C-tyrosine) [60, 61] and L-
[methyl-11C]methionine (11C-methionine) [62, 63] (Fig. 3). L-DOPA (L-3,4-
dihydroxyphenylalanine) is the precursor to the neurotransmitters dopamine, norepinephrine
(noradrenaline), and epinephrine (adrenaline). Radiolabeled L-DOPA has been designed to
reveal the presynaptic dopaminergic function in healthy and pathologic states of humans
[64]. 3'-18F-fluoro-3'-deoxy-L-thymidine (8F-FLT), a radiolabeled thymidine analog, has
been widely used for imaging tumor proliferation [65] (Fig. 3). In addition, many molecular
imaging probes are developed based on the naturally-occurring peptides, including
radiolabeled somatostatin and octreotide [66, 67], bombesin analogs [68], neurotensin
peptides [69, 70], and a.-MSH peptides [71, 72].

Generation from Drugs or Drug Candidates

Routinely used drugs as well as drug candidates in clinical trial provide valuable sources for
molecular imaging probe development. The most successful PET probe, 18F-fluoro-deoxy-
D-glucose (18F-FDG) (Fig. 4), is a good example. 2-Deoxy-D-glucose (DG) was first
developed in 1960 as a chemotherapeutic agent to inhibit glucose use by cancer cells [73,
74]. DG enters the cell similar to glucose and is converted to deoxyglucose 6-phosphate
which, however, does not undergo further metabolism and is trapped in the cell [75].
Therefore, the design of the FDG molecule is based on labeling carbon-2 atom in DG

with 18F. Incidentally the C—F bond, which is more stable than C—H bond, is chemically
unrecognized by hexokinase. In 1976, Dr. Wolf and his colleagues developed the synthesis
of 18F-FDG to study the cerebral glucose metabolism based on PET [76]. In the early
1990s, 18F-FDG PET started to be used in conjunction with whole-body imaging protocols.
To date, 18F-FDG is a model PET radiopharmaceutical and is regarded as the “molecule of
the century” in nuclear medicine.

Excluding FDG, many other molecular imaging probes based on clinical used drugs have
been reported. For example, erlotinib is a drug used to treat non-small cell lung cancer,
pancreatic cancer and several other types of cancer. It is a tyrosine kinase inhibitor, which
acts on the epidermal growth factor receptor (EGFR). [11C]-erlotinib (Fig. 4) has been
synthesized and evaluated in nude mice bearing lung cancer xenografts of A549, NCI358,
and HCC827 [77]. The results demonstrate that [11C]-erlotinib can be used as a new PET
probe for the identification of erlotinib-responding tumors. In addition, (R,S)-N-(4-bromo-2-
fluorophenyl)-6-methoxy-7-((1-methyl-3-piperidinyl)methoxy)-4-quinazolinamine (PAQ) is
a typosine kinase inhibitor with high affinity for the vascular endothelial growth factor
receptor 2 (VEGF-2), which plays an important role in tumor angiogensis. 11C-labeled PAQ
(Fig. 4) has been developed and tested in breast and melanoma cancer xenografts [78]. The
results suggest that [11C]PAQ has potential as a PET tracer for in vivoimaging of VEGF-2
expression.

Overall, this approach is considered as a high risk and high return method. The addition of a
labeling tag may affect the bioactivity of the drug or drug candidate. However, if the
bioactivity of the drug or drug candidate remains the same after coupling with the labeling
moiety, there is high likelihood of the resulting imaging probe being ultimately translated
into the clinical applications.
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Generation from Established Molecular Imaging Probes

A good number of molecular imaging probes have been developed for various imaging
modalities. To further extend their applications in molecular imaging, the established
imaging agents could be converted into novel imaging probes by using different labeling
moieties and labeling methodologies. For example, arginine-glycine-aspartic acid (RGD)
containing peptides have been extensively studied as PET and SPECT agents for imaging
integrin a.,PB3. After coupling with near infrared (NIR) optical dye Cy5.5, the new generated
peptide could also be used for optical imaging [79-81] (Fig. 5). Additionally, a-MSH
analogs were initially developed as SPECT probes for melanocortin receptor 1 targeted
melanoma imaging [82]. By using positron-emitter radionuclides, such as 18F and 64Cu,
PET probes based on a-MSH analogs can be rapidly obtained [83,84]. Because the
established imaging probe has already been well evaluated /n7 vitro and /n vivo, the
generation from the established imaging agents has the potential in development of novel
imaging probes with high success rate within relatively short time frame.

Recently, molecular imaging and contrast agent database (MICAD) has been established by
National Institutes of Health. This imaging agent database offers biomedical researchers
easy access to a large number of molecular probes. It will help the researchers to quickly
identify the probes for further optimization and modification, and thus facilitate the
molecular imaging probe development.

Computer-Aided Molecular Imaging probe Development

Computer-aided drug design (CADD) has been widely used in pharmaceutical development.
It uses computational chemistry to discover, enhance, or study drugs and related biologically
active molecules. The most fundamental goal is to predict whether a given molecule will
bind to a target and if so how strongly. Ideally the computational method should be able to
predict affinity before a compound is synthesized. In practice, it still takes several iterations
of design, synthesis, and testing before an optimal molecule is discovered. Overall, CADD
have accelerated discovery by reducing the number of iterations required and in addition
have often provided more novel ligand structures. The application of CADD approach in
imaging probe development has recently been reported. For example, molecular modeling
technique has been used in development of SPECT imaging probe targeting prostate-specific
membrane antigen (PSMA) [85] (Fig. 6). The X-ray complex structure of PSMA and its
inhibitor was retrieved from protein data bank (PDB). The newly designed imaging probe
was then docked onto the active binding site of PSMA. The binding model was analyzed
and the affinity was then predicted. The results suggest that in silico modeling technique can
hasten the development of PSMA-specific imaging probe. Another example is the
development of a near-infrared fluorescent non-peptidic bivalent probe for integrin o, p3
imaging [86]. Through molecular modeling approach, the binding affinities of a series of
ligands to integrin a3 were calculated. The ligand showing highest binding affinity in
silico was then synthesized and coupled with Cy5.5 for optical imaging. The /in vitroand in
vivo results demonstrate molecular modeling is a valid approach to predict the binding
affinity before the synthesis of imaging probe.

PERSPECTIVE AND CONCLUSION

Molecular imaging as an emerging field has demonstrated importance to help further steps
toward personalized medicine. As a key component of molecular imaging, design and
development of novel imaging probes are far from trivial. A wide variety of targeting
ligands (small molecules, peptides, peptidomimetics, and antibodies) have been conjugated
with various labeling moieties for MRI, ultrasound, optical, PET, SPECT, and
multimodality imaging. Non-invasive imaging has shown clinical applications in many
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aspects including lesion detection, patient stratification, drug development, treatment
monitoring, and dose optimization.

It is expected that random and rational strategies will continue to play a central role in
design and development of molecular imaging probes. Under many circumstances, these two
basic approaches have to be combined together to discover the novel imaging probes for
specific target. The advanced chemistry and biology techniques will likely pave the way of
design and development of molecular imaging probe. For example, “click chemistry” [87,
88] offers chemists a platform for general, modular and high yielding synthetic
transformations for constructing highly diverse molecules. Because click chemistry is a
modular approach, it is possible to fine tune the new molecular imaging probes and enhance
their pharmacokinetic and pharmacodynamic profiles [89, 90]. Click chemistry has proven
itself to be superior in satisfying many criteria (e.g., biocompatibility, selectivity, yield,
stereospecificity, and so forth); thus, one can expect it will consequently become a more
routine strategy in the near future for a wide range of applications for imaging probe
development [91]. In addition, various /n vitro display techniques facilitate the findings of
novel ligands with high binding affinity. These biological techniques will continue to be a
useful tool in design and development of imaging probes. The complete sequencing of
human genome has directed a new era of system biology. Genomic and proteomic molecular
profiling technologies are transforming to various disease research [92, 93]. New
technologies such as microarray analysis, genomics, proteomics, high-throughput screening,
and computer-aided molecular design will accelerate the discovery process of novel imaging
probes.

One major component of molecular medicine is nanomedicine, where the ultimate goal is
that multifunctional nanoparticles containing both therapeutic components and
multimodality imaging labels can allow for efficient, specific /n vivo delivery of drugs and
accurate, quantitative assessment of the therapeutic efficacy non-invasively over time [94].
The major application of multifunctional nanoparticles will likely not be disease diagnosis
but rather for “theranostics”, the diagnostic therapy for individual patients [95]. Most of
developed nanoparticles to date are far from optimal for clinical applications. In future
efforts towards developing novel nanoparticle-based specific targeting probes, a number of
factors need to be optimized in parallel including biocompatibility, pharmacokinetics,
targeting efficacy, acute and chronic toxicity, ability to escape from the RES, and cost-
effectiveness [96].

Finally, to foster the continued design and development of molecular imaging probes,
cooperative efforts are needed from cellular/molecular biologist to identify and validate new
imaging targets, medicinal chemists/radiochemists to design, synthesize, and characterize
the imaging probes, and engineers/medical physicists to develop high sensitivity and high
resolution imaging device and better imaging reconstruction algorithms. Close partnerships
among academic researchers, clinicians, pharmaceutical industries, the NCI, and FDA are
required to succeed in fast translation of molecular imaging probes from bench to bedside.
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Fig. (1).
Schematic representation of molecular imaging probe.
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Fig. (2).
Schematic representation of general approaches of molecular imaging probe design.
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Fig. (3).
Examples of molecular imaging probes generated from naturally-occurring bioactive
molecules.
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Fig. (4).

Examples of molecular imaging probes generated from drugs or drug candidates.
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Fig. (5).
An example of a molecular imaging probe generated from an established molecular imaging

probe.
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Fig. (6).

An example of computer-aided molecular imaging probe design. A) Binding mode of L1 to
the active site of PSMA. B) SPECT-CT imaging of LNCaP (PSMA+) tumor bearing mice
with [99MTc]L1 with (left) and without (right) blockade of PSMA using the potent, selective
PSMA inhibitor, PMPA, as the blocking agent. Lack of radiopharmaceutical in both the
tumor and kidneys (another PSMA+ site) upon cotreatment with PMPA provides a further
check on PSMA-specific binding. Images were acquired from 30-60 min postinjection. T =
tumor; K = kidney. Reproduced with permission from Ref. 85: Banerjee, S.R., et al.
Synthesis and evaluation of technetium-99m- and rhenium-labeled inhibitors of the prostate-
specific membrane antigen (PSMA). J. Med. Chem., 2008, 51, 4504-4517.
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