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Foreword

Bayer Schering Pharma welcomes Springer Verlag’s endeavor to open its well-
known Handbook of Pharmacology to the exciting field of molecular imaging and
we are pleased to contribute to the printing costs of this volume.

In principle, noninvasive diagnostic imaging can be divided into morphologi-
cal/anatomical imaging on the one hand, with CT/MRI the most important imaging
technologies, and molecular imaging on the other. In CT/MRI procedures, contrast
agents are injected at millimolar blood concentrations, while today’s molecular
imaging technologies such as PET/SPECT use tracers at nanomolar blood concen-
trations. Morphological imaging technologies such as X-ray/CT/MRI achieve very
high spatial resolution. However, they share the limitation of not being able to de-
tect lesions until the structural changes in the tissue (e.g., caused by cancer growth)
are large enough to be seen by the imaging technology. Molecular imaging offers
the potential of detecting the molecular and cellular changes caused by the disease
process before the lesion (e.g., a tumor) is large enough to cause the kind of struc-
tural changes that can be detected by other imaging modalities. On the other hand,
molecular imaging methods suffer from a rather poor level of spatial resolution,
although current PET machines are better than SPECT devices.

The current diagnostic imaging revolution of fusing conventional diagnostic
imaging (CT, MRT) with molecular imaging technologies (PET, SPECT) combines
the strength of molecular imaging — i.e., detecting pathophysiological changes at
the onset of the disease — with the strength of morphological imaging — i.e., high
structural resolution. Today, already more than 95% of new PET scanners installed
are PET/CT scanners. PET/CT fusion imaging is currently the fastest-growing imag-
ing technology. And PET/MRI fusion scanners are also on the horizon. The trend
toward specialized imaging centers, where all the required equipment is available in
one facility, is expected to continue. The former technology-driven focus in diag-
nostic imaging research looks set to change into a more disease-oriented one.

Fusion imaging will make it possible to detect the occurrence of a disease earlier
than is possible today. This is significant, because the likelihood of successful
therapeutic interventions increases the earlier diseases are diagnosed. Furthermore,
because a disease can be characterized at the molecular level, patients can be
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vi Foreword

stratified for a given therapy and therapeutic responses monitored early on and in
a quantitative manner. The growing pressure for selection, early therapy monitor-
ing and justification (outcome) of a specific treatment will have a significant impact
on molecular imaging procedures. Hence, molecular imaging technologies are now
an integral part of both research and development (early clinical prediction of drug
distribution and efficiency) at most pharmaceutical companies.

Bayer Schering Pharma (BSP) has always been a pioneer in the research and
development of new imaging agents for “classic” modalities like CT and MRI. In
line with this history and BSP’s focus on innovation, we are now fully committed to
breaking new ground in molecular imaging, especially in research and development
of radio-tracers like PET imaging agents.

A strong and active partnership with academia is essential in order to be success-
ful in the exciting new field of molecular imaging. We want to help make innovative
imaging solutions invented in university research labs available to the patients. Fur-
thermore, the low doses of “tracers” injected make it possible to perform clinical
research studies under the microdosing/exploratory IND regulations. This will help
molecular imaging move into the hospital and, hopefully, also generate early and
fruitful collaborations between academia, clinic, regulatory authorities and the phar-
maceutical industry.

Bayer Schering Pharma, Berlin Matthias Bräutigam and Ludger Dinkelborg



Preface

“Molecular imaging (MI) is the in vivo characterization and measurement of bio-
logic processes on the cellular and molecular level. In contradistinction to ‘classical’
diagnostic imaging, it sets forth to probe such molecular abnormalities that are the
basis of disease rather than to image the end results of these molecular alterations”
(Weissleder and Mahmood 2001).a

Imaging has witnessed a rapid growth in recent decades. This successful devel-
opment was primarily driven by impressive technical advances in structural imag-
ing; i.e., fast computer tomography (CT) and magnetic resonance imaging (MRI).
In parallel, functional imaging emerged as an important step in the diagnostic and
prognostic assessment of patients addressing physiological functions such as organ
blood flow, cardiac pump function and neuronal activity using nuclear, magnetic res-
onance and ultrasonic techniques. More recently the importance of molecular targets
for diagnosis and therapy has been recognized and imaging procedures introduced
to visualize and quantify these target structures. Based on the hypothesis that mole-
cular imaging provides both a research tool in the laboratory and a translational
technology in the clinical arena, considerable funding efforts in the US and Europe
were directed to accelerate the development of this imaging technology. In addition,
the industry responded to the new demand with the introduction of dedicated imag-
ing equipment for animal research as well as multimodality imaging (PET/CT), used
to combine high-resolution imaging with the high sensitivity of tracer techniques.

Molecular imaging has been applied academically in neuroscience with empha-
sis on cognition, neurotransmission and neurodegeneration. Besides this established
area, cardiology and oncology are currently the fastest growing applications. Vascu-
lar biology provides new targets to visualize atherosclerotic plaques, which may lead
to earlier diagnosis as well as better monitoring of preventive therapies. Labeling of
cells allows localization of inflammation or tumors and labeled stem-cell tracking of
these cells in vivo. The noninvasive biologic characterization of tumor tissue in an-
imals and humans opens not only exciting new research strategies but also appears

a Weissleder R, Mahmood U (2001) Molecular imaging. Radiology 219:316–333
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viii Preface

promising for personalized management of cancer patients, which may alter the di-
agnostic and therapeutic processes.

Detection and characterization of lesions, especially tumors, remains challeng-
ing, and can be only achieved by using specific tracers and/or contrast media.
The past decade has seen the development of specific approaches that use labeled
antibodies and fragments thereof. However, in general only a relatively low target-
to-background ratio has been attained due to the slow clearance of unbound anti-
body. Other target-specific approaches include labeled proteins, peptides, oligonu-
cleotides, etc. Due to the low concentration of proteins, such as receptors in the
target (e.g., tumors, cells), imaging requires highly sensitive probes addressing these
structures. Whereas this challenge does not affect the use of positron emission to-
mography (PET) nor single photon emission tomography (SPECT) because of their
high physical sensitivity, optical imaging methods (OT) as well as magnetic res-
onance imaging (MRI) have limitations: low penetration depth (OT) and inherent
low physical sensitivity (MRI prevents straightforward imaging strategies for both
latter modalities). PET and SPECT have been successfully used in the past for mole-
cular imaging, employing imaging probes such as monoclonal antibodies, labeled
peptides [i.e., somatostatine analogues (Octreotide)], and labeled proteins such as
99mTc-AnnexinV, etc. Specific imaging probes for OT and MR are under develop-
ment. However, OT is likely to remain an experimental tool for investigations in
small animals, and will be used in humans only for special indications, where close
access to targets can be achieved by special imaging devices such as endoscopy or
intraoperative probes. In recent years, molecular imaging with ultrasound devices
has developed quickly and the visualization of targeted microbubbles offers not only
identification of specific binding but also the regional delivery of therapeutics after
local destruction of the bubbles by ultrasound.

Achieving disease-specific imaging requires passive, or better yet, active accu-
mulation of specific molecules to increase the concentration of the imaging agent
in the region of interest. Marker substrates as well as reporter agents can be used
to visualize enzyme activity, receptor or transporter expression. The introduction
of new imaging agents requires a multistep approach, involving the target selection,
synthetic chemistry and preclinical testing, before clinical translation can be consid-
ered. Target identification is supported by molecular tissue analysis or by screening
methods, such as phage display. Subsequently, further development requires meth-
ods to synthesize macromolecules, minibodies, nanoparticles, peptide conjugates
and other conjugates, employing innovative biotechnology tools for specific imag-
ing with high accumulation in the target area. This process involves optimization
of the target affinity and pharmacokinetics before in-vivo application can be con-
sidered. Amplification of the imaging signal can be enhanced by targeted processes
which involve internalization of receptors, transport mechanisms or enzymatic inter-
action with build-up of labeled products. (i.e., phosphorylated deoxyglucose). Re-
porter gene imaging provides not only high biological contrast if a protein, which
does not occur naturally, is expressed after gene transfer but also leads to signal am-
plification if tissue-specific promoters in combination with enzymatic or transporter
activity are used.



Preface ix

The development process usually produces numerous candidates, of which only a
few pass preclinical evaluation with the promise of clinical utility. The most suitable
substances have to undergo in-depth toxicological evaluation before the regulatory
process for clinical use can be started. Currently, this is the major rate-limiting step
in the process and requires not only the biological qualification of the compound but
also the necessary financial support for the clinical testing required by the regulatory
agencies.

With the increasing interest in the experimental and clinical application of mole-
cular imaging, many institutions have created research groups or interdisciplinary
centers focusing on the complex development processes of this new methodology.
The aim for this textbook of molecular imaging is to provide an up-to-date review of
this rapidly growing field and to discuss basic methodological aspects necessary for
the interpretation of experimental and clinical results. Emphasis is placed on the in-
terplay of imaging technology and probe development, since the physical properties
of the imaging approach need to be closely linked with the biological application
of the probe (i.e., nanoparticles and microbubbles). Various chemical strategies are
discussed and related to the biological applications. Reporter-gene imaging is being
addressed not only in experimental protocols but also first clinical applications are
discussed. Finally, strategies of imaging to characterize apoptosis and angiogenesis
are described and discussed in the context of possible clinical translation.

The editors thank all the authors for their contributions. We appreciate the extra
effort preparing a book chapter during the already busy academic life. We hope
this methodological discussion will increase the understanding of the reader with
respect to established methods and generate new ideas for further improvement and
for the design of new research protocols employing imaging. There is no question
that this young field will further expand, stimulated by the rapid growth of biological
knowledge and biomedical technologies. It is expected that the experimental work
of today will become the clinical routine of tomorrow.

Heidelberg, Germany Wolfhard Semmler
Munich, Germany Markus Schwaiger
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Glossary

Definition of the terms used in molecular imaging.

Allele The gene regarded as the carrier of either of a pair of alternative hereditary
characters.

ααννββ3 An integrin expressed by activated endothelial cells or tumor cells which
plays an important role in angiogenesis and metastatic tumor spread (⇒ Integrins)

Amino acid An organic compound containing an amino and carboxyl group.
Amino acids form the basis of protein synthesis.

Angiogenesis Formation of new blood vessels. May be triggered by physiological
conditions, like during embryogenesis or certain pathological conditions, such as
cancer, where the continuing growth of solid tumors requires nourishment from new
blood vessels.

Annexin V A protein in blood which binds to phosphatidyl serine (PS) bind-
ing sites exposed on the cell surface by cells undergoing programmed cell death.
⇒ Apoptosis.

Antibody A protein with a particular type of structure that binds to antigens in a
target-specific manner.

Antigen Any substance which differs from substances normally present in the
body, and can induce an immune response.

Antiangiogenesis The inhibition of new blood vessel growth and/or destruction of
preformed blood vessels.

Antisense A strategy to block the synthesis of certain proteins by interacting with
their messenger RNA (mRNA). A gene whose messenger RNA (mRNA) is comple-
mentary to the RNA of the target protein is inserted in the cell genome. The protein
synthesis is blocked by interaction of the antisense mRNA and the protein-encoding
RNA.

xix



xx Glossary

Apoptosis Programmed cell death. A process programmed into all cells as part of
the normal life cycle of the cell. lt allows the body to dispose of damaged, unwanted
or superfluous cells.

Aptamer RNA or DNA-based ligand.

Asialoglycoproteins Endogenous glycoproteins from which sialic acid has been
removed by the action of sialidases. They bind tightly to their cell surface receptor,
which is located on hepatocyte plasma membranes. After internalization by adsorp-
tive endocytosis, they are delivered to lysosomes for degradation.

Attenuation correction (AC) Methodology which corrects images for the differ-
ential absorption of photons in tissues with different densities.

Avidin A biotin-binding protein (68 kDa) obtained from egg white. Binding is so
strong as to be effectively irreversible.

Bioinformatics The science of managing and analyzing biological data using ad-
vanced computing techniques. Especially important in analyzing genomic research
data.

Biotechnology A set of biological techniques developed through basic research
and now applied to research and product development. In particular, biotechnology
refers to the industrial use of recombinant DNA, cell fusion, and new bioprocessing
techniques.

Biotin A prosthetic group for carboxylase enzyme. Important in fatty acid biosyn-
thesis and catabolism, biotin has found widespread use as a covalent label for macro-
molecules, which may then be detected by high-affinity binding of labeled avidin or
streptavidin. Biotin is an essential growth factor for many cells.

Cancer Diseases in which abnormal cells divide and grow unchecked. Cancer can
spread from its original site to other parts of the body and is often fatal.

Carrier An individual who carries the abnormal gene for a specific condition but
has no symptoms.

Cavitation The sudden formation and collapse of low-pressure bubbles in liquids
as a result of mechanical forces.

cDNA ⇒ Complementary DNA.

Cell The basic structural unit of all living organisms and the smallest structural unit
of living tissue capable of functioning as an independent entity. It is surrounded by
a membrane and contains a nucleus which carries genetic material.

Chromosome A rod-like structure present in the nucleus of all body cells (with
the exception of the red blood cells) which stores genetic information. Normally,
humans have 23 pairs, giving a total of 46 chromosomes.

Coincidence detection A process used to detect emissions from positron-emitting
radioisotopes. The technology utilizes opposing detectors that simultaneously detect
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two 511 keV photons which are emitted at an angle of 180 degrees from one another
as a result of the annihilation of the positron when it combines with an electron.

Complementary DNA (cDNA) DNA synthesized in the laboratory from a mes-
senger RNA template by the action of RNA-dependent DNA polymerase.

Cytogenetics The study of the structure and physical appearance of chromosome
material. It includes routine analysis of G-banded chromosomes, other cytogenetic
banding techniques, as well as molecular cytogenetics such as fluorescent in situ
hybridization (FISH) and comparative genomic hybridization (CGH).

Deoxyglucose ⇒ 18 F-deoxyglucose.

DNA Deoxyribonucleic acid: the molecule or ‘building block’ that encodes genetic
information.

DNA repair genes Genes encoding proteins that correct errors in DNA sequencing.

Enzyme A protein that acts as a catalyst to speed the rate at which a biochemical
reaction proceeds.

Epistasis A gene that interferes with or prevents the expression of another gene
located at a different locus.

Epitope The specific binding site for an antibody.

Expression ⇒ Gene expression.
18F-deoxyglucose The predominant PET imaging agent used in oncology. The de-
oxyglucose is ‘trapped’ in cells which have increased metabolic activity as a result
of phosphorylation. The process results in an accumulation of fluorine-18 (18F) in
the cells, allowing the location of the cells and intensity of tumor metabolism to be
determined using PET imaging.

Fluorine-18 (18F) A positron-emitting radioisotope used to label deoxyglucose or
other molecular probes for use as radiopharmaceuticals.

F(ab) fragment The shape of an antibody resembles the letter ‘Y’. Antigen binding
properties are on both short arms. Digestion by various enzymes yields different
fragments. Fragments with one binding site are called F(ab).

F(ab’)2 fragment Antibody fragment with two binding sites (⇒ also F(ab) frag-
ment).

Fc fragment (Crystallizable) antibody fragment which has no binding properties
(⇒ also F(ab) fragment). The Fc fragment is used by the body’s immune system to
clear the antibody from the circulation.

Fibrin Fibrous protein that forms the meshwork necessary for forming of blood
clots.
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Fibroblast growth factor Acidic fibroblast growth factor (alpha-FGF, HBGF 1)
and basic FGF (beta-FGF, HBGF-2) are the two founder members of a family of
structurally related growth factors for mesodermal or neuroectodermal cells.

Fingerprinting In genetics, the identification of multiple specific alleles on a per-
son’s DNA to produce a unique identifier for that person.

Gadolinium A paramagnetic ion which changes the relaxivity of adjacent protons.
It affects signal intensity in MR images (⇒ garamagnetism).

Ganciclovir An antiviral agent which is phosphorylated by thymidine kinase. As a
phosphorylated substance it stops cell division by inhibiting DNA synthesis.

Gene The fundamental physical and functional unit of heredity. A gene is an or-
dered sequence of nucleotides located in a particular position on a particular chro-
mosome that encodes a specific functional product (i.e., a protein or RNA molecule).
The totality of genes present in an organism determines its characteristics.

Gene expression The process by which a gene’s coded information is converted
into the structures present and operating in the cell. Expressed genes include those
that are transcribed into mRNAs and then translated into proteins, and those that are
transcribed into RNAs but not translated into proteins (e.g., transfer and ribosomal
RNAs).

Gene mapping Determination of the relative positions of genes on a DNA mole-
cule (chromosome or plasmid) and of the distance, in linkage units or physical units,
between them.

Gene prediction Predictions of possible genes made by a computer program based
on how well a stretch of DNA sequence matches known gene sequences.

Gene sequence (full) The complete order of bases in a gene. This order determines
which protein a gene will produce.

Gene, suicide ⇒ Suicide gene.

Gene therapy An experimental procedure aimed at replacing, manipulating, or
supplementing nonfunctional or misfunctioning genes with therapeutic genes.

Genetic code The sequence of nucleotides, coded in triplets (codons) along the
mRNA, that determines the sequence of amino acids in protein synthesis. A gene’s
DNA sequence can be used to predict the mRNA sequence, and the genetic code
can, in turn, be used to predict the amino acid sequence.

Genetic marker A gene or other identifiable portion of DNA whose inheritance
can be followed.

Genetic susceptibility Susceptibility to a genetic disease. May or may not result
in actual development of the disease.

Genome All the genetic material in the chromosomes of a particular organism; its
size is generally given as its total number of base pairs.
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Genomics The science aimed at sequencing and mapping the genetic code of a
given organism.

Genotype The genetic constitution of an organism, as distinguished from its phys-
ical appearance (its phenotype).

ICAM lntercellular adhesion molecules: glycoproteins that are present on a wide
range of human cells, essential to the mechanism by which cells recognize each
other, and thus important in inflammatory responses.

Indium-111 (111ln) A single-photon-emitting radioisotope used to label various
molecular probes for SPECT imaging.

Integrins A specific group of transmembrane proteins that act as receptor proteins.
Different integrins consist of different numbers of alpha and beta subunits. Over 20
different integrin receptors are known.

Lectin Sugar-binding proteins which are highly specific for their sugar moieties.
They bind to glycoproteins on the cell surface or to soluble gylcoproteins and play
a role in biological recognition phenomena involving cells and proteins, e.g., during
the immune response.

Liposome A spherical particle in an aqueous medium, formed by a lipid bilayer
enclosing an aqueous compartment.

Locus The relative position of a gene on a chromosome.

Lysosome A minute intracellular body involved in intracellular digestion.

Messenger RNA (mRNA) RNA that serves as a template for protein synthesis.

Microarray Sets of miniaturized chemical reaction areas that may also be used to
test DNA fragments, antibodies, or proteins.

Micronuclei Chromosome fragments that are not incorporated into the nucleus at
cell division.

MID Molecular imaging and diagnostics.

Molecular biology The study of the structure, function, and makeup of biologi-
cally important molecules.

Molecular genetics The study of macromolecules important in biological
inheritance.

Molecular medicine The treatment of injury or disease at the molecular level.
Examples include the use of DNA-based diagnostic tests or medicine derived from a
DNA sequence. It includes molecular diagnostics, molecular imaging and molecular
therapy.

Monoclonal antibodies Antibodies made in cell cultures; these antibodies are all
identical.
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Monosaccharide A simple sugar that cannot be decomposed by hydrolysis.

Nucleic acid A nucleotide polymer. There are two types: DNA and RNA.

Nucleotide A subunit of DNA or RNA consisting of a nitrogenous molecule, a
phosphate molecule, and a sugar molecule. Thousands of nucleotides are linked to
form a DNA or RNA molecule.

Oligonucleotides Polymers made up of a few (2-20) nucleotides. In molecular ge-
netics, they refer to a short sequence synthesized to match a region where a mutation
is known to occur, and then used as a probe (oligonucleotide probes).

Operon Combination of a set of structural genes and the DNA sequences which
control the expression of these genes.

Oncogene A gene, one or more forms of which is associated with cancer. Many
oncogenes are directly or indirectly involved in controlling the rate of cell growth.

Paramagnetism Magnetism which occurs in paramagnetic material (e.g.
⇒ gadolinium), but only in the presence of an externally applied magnetic field.
Even in the presence of the field there is only a small induced magnetization be-
cause only a small fraction of the spins will be orientated by the field. This fraction
is proportional to the field strength. The attraction experienced by ferromagnets is
nonlinear and much stronger.

Peptide A short chain of amino acids. Most peptides act as chemical messengers,
i.e., they bind to specific receptors.

Peptidomimetics Engineered compounds that have similar binding characteristics
to those of naturally occurring proteins. The advantages are increased stability and
prolonged presence in the bloodstream.

Perfluorocarbon A compound containing carbon and fluorine only.

PESDA Perfluorocarbon exposed sonicated dextrose albumin microbubbles.

PET Positron emission tomography. An imaging modality which utilizes oppos-
ing sets of detectors to record simultaneous emissions from a positron-emitting ra-
dioisotope throughout 360 ˚ . The image data are processed using reconstruction
algorithms to create tomographic image sets of the distribution of the radioisotope
in the patient.

PET/CT A combination technology which creates tomographic image sets of the
metabolic activity from PET and the anatomical tomographic image sets from CT.
CT ⇒ computed tomography: An imaging modality employing a rotating x-ray tube
and a detector as well producing numbers of projection imagings during its rotation
around the object of interest. Specific reconstruction algorithms are used to generate
three-dimensional image of the inside of an object. The two images sets are fused
to form a single image, which is used to assign the PET abnormalities to specific
anatomical locations.
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Phage A virus for which the natural host is a bacterial cell.

Phagocytosis Endocytosis of particulate material, such as microorganisms or cell
fragments. The material is taken into the cell in membrane-bound vesicles (phago-
somes) that originate as pinched-off invaginations of the plasma membrane.
Phagosomes fuse with lysosomes, forming phagolysosomes, in which the engulfed
material is killed and digested.

Pharmacodynamics The study of what a drug does to the body and of its mode of
action.

Pharmacogenomics The influence of genetic variations on drug response in pa-
tients. This is performed by correlating gene expression or single-nucleotide poly-
morphisms with a drug’s efficacy or toxicity during therapy.

Pharmacokinetics The determination of the fate of substances administered exter-
nally to a living organism, e.g., the metabolism and half-life of drugs.

Phenotype The physical characteristics of an organism or the presence of a disease
that may or may not be genetic.

Phosphorylation A metabolic process in which a phosphate group is introduced
into an organic molecule.

Plasmid Autonomously replicating extrachromosomal circular DNA molecules.

Polymerase An enzyme that catalyzes polymerization, especially of nucleotides.

Polysaccharides Any of a class of carbohydrates, such as starch and cellulose, con-
sisting of a number of monosaccharides joined by glycosidic bonds. Polysaccharides
can be decomposed into the component monosaccharides by hydrolysis.

Polypeptide A peptide containing more than two amino acids.

Probe Single-stranded DNA or RNA molecules of specific base sequence, labeled
either radioactively or immunologically, that are used to detect the complementary
base sequence by hybridization.

Promoter A specific DNA sequence to which RNA polymerase binds in order to
‘transcribe’ the adjacent DNA sequence and produce an RNA copy. The action
of RNA polymerase is the first step in the translation of genes, via mRNA, into
proteins.

Protein A large molecule comprising one or more chains of amino acids in a spe-
cific order that is determined by the base sequence of nucleotides in the gene that
codes for the protein. Proteins are required for the structure, function, and regulation
of the body’s cells, tissues, and organs. Each protein has unique functions. Examples
are hormones, enzymes, and antibodies.

Proteomics The global analysis of gene expression in order to identify, quantify,
and characterize proteins.
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Receptor A molecular structure within a cell or on the cell surface that selectively
binds a specific substance having a specific physiological effect.

Rhenium-188 (188Re) A beta-emitting radioisotope used to label various molecu-
lar probes for targeted radiotherapy applications.

Reporter gene imaging Imaging of genetic or enzymatic products/events initiated
by molecular therapies which have assigned specific reporter genes to express spe-
cific targets.

Ribosomal RNA (rRNA) A class of RNA found in the ribosomes of cells.

RNA Ribonucleic acid: a chemical found in the nucleus and cytoplasm of cells; it
plays an important role in protein synthesis and other chemical activities of the cell.
The structure of RNA is similar to that of DNA. There are several classes of RNA
molecules, including messenger RNA, transfer RNA, ribosomal RNA, and other
small RNAs, each serving a different purpose.

Selectins A family of cell adhesion molecules consisting of a lectin-like domain,
an epidermal growth factor-like domain, and a variable number of domains that
encode proteins homologous to complement-binding proteins. Selectins mediate the
binding of leukocytes to the vascular endothelium.

Sequencing Determination of the order of nucleotides (base sequences) in a DNA
or RNA molecule or the order of amino acids in a protein.

Sonothrombolysis Dissolving a thrombus using ultrasound, either alone or in con-
junction with microbubbles.

SPECT Single photon emission computerized tomography: an imaging modality
in which a detector is rotated about the patient, recording photon emissions through-
out 360◦. Reconstruction algorithms are used to convert the data into a set of tomo-
graphic images.

Stem cell Undifferentiated, primitive cells in the bone marrow that have the ability
both to multiply and to differentiate into specific cells for the formation of specific
tissues (hematopoetic, mesenchymal and neuronal stem cells).

Streptavidin A biotin-binding protein obtained from bacteria.

Structural genomics The study to determine the 3D structures of large numbers
of proteins using both experimental techniques and computer simulation.

Suicide gene A protein-coding sequence that produces an enzyme capable of con-
verting a nontoxic compound to a cytotoxic compound, used in cancer therapy.

Technetium-99m (99mTc) A single-photon-emitting radioisotope used to label var-
ious molecular probes for scintigraphic imaging, including SPECT imaging.

Theragnostics The application of MID for therapy guidance using genomic,
proteomic and metabolomic data for predicting and assessing drug response.
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Thymidine kinase (tk) The gene coding for the tk from the herpes simplex virus
(HSV-tk) can be used as a ‘suicide gene’ or a reporter gene (⇒ Reporter gene imag-
ing) in cancer therapy. ⇒ also Ganciclovir.

Tissue factor An integral membrane glycoprotein of around 250 residues that ini-
tiates blood clotting after binding factors VII or VIIa.

Tracer principle The use of molecular probes labelled with radioisotopes to al-
low for nuclear imaging devices to detect the presence and location of the targeted
structures by specific binding (e.g., to receptors, proteins,. . . ) or trapping in cells.

Transfection The introduction of DNA into a recipient cell and its subsequent in-
tegration into the recipient cell’s chromosomal DNA.

Transfer RNA Small RNA molecules with a function in translation. They carry
specific amino acids to specified sites.

Transgene A gene transferred from one organism to another.

Translation The process by which polypeptide chains are synthesized, forming the
structural elements of proteins.

Translational research Applying results obtained by basic research to answer sci-
entific questions concerning human disease processes.

USPIO Ultrasmall particles of iron oxide. These particles have a high magnetic
moment causing strong local susceptibility and field inhomogeneities, with strong
effects in T2- and T2*-weighted MR imaging.

VEGF Vascular endothelial growth factor. VEGF is a protein secreted by a variety
of tissues, when stimulated by triggers like hypoxia. VEGF stimulates endothelial
cell growth, angiogenesis, and capillary permeability.

Virus A noncellular biological entity that can only reproduce within a host cell.
Viruses consist of nucleic acid (DNA or RNA) covered by protein; some animal
viruses are also surrounded by membrane. Inside the infected cell, the virus uses the
synthetic capability of the host to produce progeny viruses.
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Abstract Molecular imaging requires the highest possible signal-to-noise ratios
(SNRs) at the target of interest. In order to maximize the SNR for optical imag-
ing techniques, various strategies have been developed to design fluorescent probes
that can be activated, for example, by proteolytic degradation. Generally speaking,
these probes are quenched in their native state—e.g., by fluorescence resonance en-
ergy transfer (FRET)—and dequenched after cleavage or hybridization, which is
associated with a strong fluorescence signal increase.

Different strategies of fluorescence signal amplification ranging from large and
small protease-sensing molecules to oligonucleotide-sensing and nanoparticle-based
probes are presented in this chapter.

1 Introduction

Molecular imaging techniques require maximal signal-to-noise yields in order
to noninvasively resolve specific molecular targets in vivo. Different, mainly
enzyme-based signal amplification strategies have been described, which aim at
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Fig. 1 a, b First generation of large protease sensing probes. The first class of proteolytically ac-
tivatable optical probes is depicted. These probes consist of a poly-L-lysine backbone shielded
by multiple methoxy-polyethylene glycol sidechains. Approximately 12–14 fluorochromes are at-
tached to the backbone, resulting in a FRET-based signal quench in the native state of the molecule.
Proteolytic cleavage of the backbone results in a a release of the fluorochromes, followed by b a
strong fluorescence signal increase. (Modified from Bremer et al. 2003)

(1) maximizing the fluorescence signal yield after target interaction and (2) reduc-
ing the unspecific background signal of circulating probes. In recent years, various
activatable or ‘smart’ probes have been developed for molecular imaging. Typically,
they show a strong fluorescence signal increase after interaction with an enzyme
(e.g., a protease). The underlying principle is that the native probe is ‘quenched’,
a phenomenon which has been known for a long time; e.g., in fluorescence mi-
croscopy. Enzymatic conversion results in dequenching of the probe accompanied
by a strong increase in the fluorescence signal (Fig. 1). Quenching can result from
the transfer of energy to other acceptor molecules residing physically close to the ex-
cited fluorochromes (e.g., a second acceptor fluorochrome), a phenomenon known
as fluorescence resonance energy transfer (FRET). Quenching can, moreover, occur
by competing processes such as temperature, high oxygen concentrations, mole-
cular aggregation in the presence of salts and halogen compounds or interaction
with metals.

2 Large Protease-sensing Probes

For molecular imaging applications, activatable probes ideally undergo a status of
virtually zero signal in their native state to a strong fluorescence signal after target
interaction. A class of ‘smart’ optical contrast agents, which undergoes conforma-
tional changes after cleavage by various enzymes, was first described by Weissleder
et al. (1999) (Fig. 1). The first autoquenched fluorescent probe was developed in
1999. This was converted from a non-fluorescence to fluorescence state by pro-
teolytic activation (Weissleder et al. 1999). This type of molecular contrast agent
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consists of a long circulating carrier molecule (poly-lysine backbone) shielded
by multiple methoxy-polythylene-glycol side chains (PLL-MPEG). The molecu-
lar weight of these probes ranges around 450–500 kDa. Between 12 and 14 cya-
nine dyes (Cy 5.5) are loaded onto this carrier molecule in close proximity to each
other, resulting in a FRET-based signal quench (see above; Weissleder et al. 1999).
Thus, in its native state, the molecule exhibits very little to no fluorescence, whereas
after enzymatic cleavage a strong fluorescence signal increase can be detected
(dequenching; Fig. 1). Inhibition experiments revealed that this first generation of
protease-sensing optical probe is activated mainly by lysosomal cysteine or serine
proteases, such as cathepsin-B (Weissleder et al. 1999). However, the selectivity
of this smart optical probe can be tailored to other enzymes by insertion of specific
peptide stalks between the carrier and the fluorochromes. Using this approach, smart
optical probes have been developed for targeting–e.g., matrix-metalloproteinase-2,
cathepsin-D, thrombin or caspases (Tung et al. 2000, 2004; Bremer et al. 2002;
Jaffer et al. 2004; Messerli et al. 2004; Kim et al. 2005). In order to impart MMP-2
selectivity, for example, a peptide stalk with the sequence -Gly-Pro-Leu-Gly-Val-
Arg-Gly-Lys- was inserted between the backbone and the fluorochrome. This pep-
tide sequence is recognized by MMP-2 with a high affinity, resulting in an efficient
dequenching of the completely assembled MMP-2 probe by the purified enzyme
(Fig. 2). A control probe, which was synthesized using a scrambled peptide se-
quence (-Gly-Val-Arg-Leu-Gly-Pro-Gly-Lys-), remained quenched after incubation
with the purified enzyme (Fig. 2).

Proteases are known to be key players in a whole variety of pathologies, rang-
ing from carcinogenesis to inflammatory and cardiovascular diseases (Edwards
and Murphy 1998). From the oncological literature it is known that various pro-
teases, such as cathepsins and matrix-metalloproteinases, are involved in a cas-
cade of enzymes, which finally leads to digestion of the extracellular matrix and,
thus, local as well as metastatic tumor cell infiltration (Edwards and Murphy
1998; Aparicio et al. 1999; Folkman 1999; Herszenyi et al. 1999; Fang et al. 2000;
Koblinski et al. 2000). Indeed, clinical data suggest that the tumoral protease burden
correlates with clinical outcome. Thus, the activatable probes outlined above have
been applied for a variety of different oncological models, including xenograft and
spontaneous tumor models (Figs. 2, 3). A cathepsin-sensing probe could be applied
successfully to detect micronodules of tumor xenografts and spontaneous tumors
using fluorescence reflectance imaging (FRI) or fluorescence-mediated tomography
(FMT). The response to protease inhibitor treatment could be monitored early and
noninvasively using a MMP sensitive probe (Bremer et al. 2005). Other experimen-
tal data suggest that a noninvasive tumor grading (aggressive versus nonaggressive
phenotype) may be facilitated using these probes (Bremer et al. 2002).

Since proteases are ubiquitously expressed, the aforementioned probes could
also be successfully applied for imaging of inflammatory responses; e.g., in an
experimental arthritis model. Interestingly, treatment effects (e.g., methotrexate
application) could be monitored sensitively using this approach (Wunder et al. 2004;
Fig. 4). Successful treatment of arthritis resulted in a clear reduction of the joint
associated fluorescence (Wunder et al. 2004). In a cardiovascular plaque model
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Fig. 2 a-c Second generation of large protease sensing probes: MMP imaging. A modification of
the first generation of ‘smart’ optical probes is shown. a In order to impart specificity of the probe
for matrix metalloproteinases, the fluorochromes were conjugated to the backbone through peptide
stalks, which are cleaved with a high affinity by MMP-2. b Incubation with the purified enzymes
showed a strong fluorescence signal increase for the MMP probe, while the probe containing a
scrambled peptide sequence remained quenched. c Tumor xenografts overexpressing MMP-2 could
clearly be visualized using this approach. (From Bremer et al. 2002)

(ApoE mice), strong probe activation within the atherosclerotic plaques most likely
representing inflammatory plaque reactions could be successfully visualized using
this approach (Chen et al. 2002).

3 Small Protease-sensing Probes

Smaller molecules that also undergo an enzymatic conversion have more recently
been described. They can be designed by flanking an enzyme substrate with two
fluorophores or a fluorophore and a spectrally matched quencher molecule, which
absorbs the energy of the fluorochrome via FRET without the emission of photons
(Fig. 5).
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Fig. 3 a, b Application of a cathepsin-sensing probe for in vivo tumor detection. Fluorescence me-
diated tomography (FMT) of spontaneous mammary cancer after injection of a cathepsin sensing
optical probe. a FMT images were acquired at the levels illustrated in the corresponding sagittal
MR images. b After injection of the optical probe strong tissue fluorescence could be reconstructed
in the tumor region as seen in the corresponding axial FMT slice. (From Bremer et al. 2005)

Fig. 4 a, b Application of a cathepsin-sensing probe for in vivo imaging of arthritis. a Raw NIRF
image of a mouse with collagen-induced arthritis in the right for paw, obtained 24 h after probe
injection. Note the high fluorescence intensity in the affected extremity. b Color-coded NIRF image
of a superimposed on white-light image. Cy 5.5 dye (16 nmol/ml), seen above the right hind paw,
was used for standardization. (Wunder et al. 2004)
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Fig. 5 Small protease-sensing probes. Small protease-sensing probes are designed by flanking
an enzyme substrate (red bar) with two fluorophores or a fluorophore and a spectrally matched
quencher molecule (gray dot), which absorbs the energy of the fluorochrome via FRET without
the emission of photons. Enzymatic cleavage of the probes results in a significant dequenching
effect, followed by a fluorescence signal increase

The coupling of a quencher to a fluorophore via a caspase-cleavable nonapep-
tide, for example, can be exploited to detect caspase activity (a marker of cellular
apoptosis) in vitro (Pham et al. 2002). A similar design was proposed for imaging
MMP activity using a different peptide bridge, which is cleaved with a high affinity
by MMPs (Pham et al. 2004). Here an absorber molecule (NIRQ820) was linked
to Cy 5.5 via a MMP-7 substrate. Incubation of the probe with the purified enzyme
resulted in a sevenfold signal increase after dequenching, while MMP-9, for exam-
ple, did not result in dequenching of the probe, which supports the selectivity of this
system. Bullok and co-workers recently presented a small, membrane-permeable
probe that is capable of sensing intracellular caspase activity (Bullok and Piwnica-
Worms 2005). The molecule consists of a Tat-peptide-based permeation sequence
and a caspase recognition sequence (DEVD) flanked by a fluorochrome (Alexa
Fluor 647) and a quencher (QSY 21) (Bullok and Piwnica-Worms 2005). Effi-
cient quenching was achieved in the native state of the molecule, while incubation
with the effector caspases (especially caspases 3 and 7) resulted in a significant de-
quenching of the probe. Cell experiments demonstrated a successful permeation of
the probe into the cell so that caspase activity could be visualized by a clear fluores-
cence signal (Bullok and Piwnica-Worms 2005).

Law et al. (2005) recently developed a small FRET-based probe that recog-
nized protein kinase A (PKA). The probe consists of a specific binding peptide
sequence (LRRRRFAFC) conjugated with two fluorophores (FAMS, TAMRA). In
the absence of PKA, the two fluorophores associate by hydrophobic interactions,
forming an intramolecular ground-state dimer; this results in fluorescein quench-
ing (>93%). Upon PKA addition, the reporter reacts with the sulfhydryl function-
ality at Cys199 through a disulfide-exchange mechanism. FAMS is subsequently
released, resulting in significant fluorescence amplification (Law et al. 2005). The
remaining peptide sequence, which acts as an inhibitor, is attached covalently to the
enzyme.
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While the in vitro results of these small protease-sensing probes are promising,
in vivo applications may be more difficult since rapid clearance of the probes may
counteract sufficient probe accumulation at the target of interest.

4 Oligonucleotide-sensing Probes

A number of different oligonucleotide-based small, activatable optical probes have
been described which were designed to monitor gene expression. As outlined in
4.1.2, these probes are quenched in their native state by either dimerization of flu-
orophores or by interaction with a specific quencher molecule. Tyagi et al. (2000)
designed a probe that contains a harvester fluorophore that absorbs strongly in the
wavelength range of the monochromatic light source, an emitter fluorophore of the
desired emission color, and a nonfluorescent quencher (Fig. 6). In the absence of
complementary nucleic acid targets, the probes are dark, whereas in the presence
of targets, they fluoresce, though not in the emission range of the harvester fluo-
rophore that absorbs the light, but rather in the emission range of the emitter fluo-
rophore (Tyagi et al. 2000). This shift in emission spectrum is due to the transfer
of the absorbed energy from the harvester fluorophore to the emitter fluorophore by
fluorescence resonance energy transfer, and it only takes place in probes that are
bound to targets (i.e., hybridized to the target oligonucleotides).

Metelev et al. (2004) proposed a similar molecule that consists of a hairpin
oligonucleotide flanked by two cyanine dyes (e.g., Cy 5.5), which upon hybridiza-
tion with the target oligonucleotide sequence (here: NF-κB) shows a strong de-
quenching effect. These types of probes can be applied for in vitro gene analysis
or, ultimately, potentially for in vivo genotyping. However, delivery barriers for in
vivo applications are significant so that up to date true in vivo applications have not
yet been described.

Fig. 6 Oligonucleotide-sensing probes. These consist of an oligonucleotide coupled to two fluo-
rochromes or a harvester fluorochrome, an emitter fluorochrome and a nonfluorescent quencher. In
the absence of complementary nucleic acid targets, the probes are dark, due to their hairpin config-
uration with approximation of the quencher (or the second fluorophor) to the fluorochrome (left).
In the presence of targets, however, the probe unfolds and hybridizes with the oligonucleotide,
resulting in spatial separation of the fluorochromes from the quencher/second fluorophor so that a
fluorescent signal can be detected (right). (From Bremer et al. 2003)
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5 Nanoparticle-based Probes

Fluorophores can interact with nanoparticles, such as superparamagnetic iron ox-
ides, resulting in a signal quench of the probe (Fig. 7). Josephson et al. (2002) re-
cently described a hydrid iron oxide-based nanoparticle that was conjugated with
a fluorochrome (Cy 5.5). The surface of the nanoparticles was covered with ami-
nated cross-linked dextran, which allowed covalent binding of Cy 5.5 via protease-
sensitive (or protease-resistant) peptides. Interestingly, the authors found that even
nanoparticles that were, on average, labeled with only 0.14 Cy 5.5/particle showed
significant dequenching effects, suggesting that interaction between the iron ox-
ide nanoparticle and the fluorochrome contributes to the quenching effect. Load-
ing the nanoparticle with multiple fluorochromes (up to 1.19/particle) significantly
increased the quenching/dequenching mechanism (Josephson et al. 2002). The
quenching of fluorescence in proximity to the magnetic nanoparticle may be due to
nonradiative energy transfer between the dye and the iron oxide or due to collisions
between Cy 5.5 and the nanoparticle. Josephson et al. (2002) could successfully
apply this probe for imaging lymph nodes in a mouse model by both MRI as well
as near infrared fluorescence reflectance imaging (FRI). Modifications of this mul-
tivalent magneto-optical probe were presented by Schellenberger et al. (2004) who
were able to attach Annexin V to the nanoparticle and therefore target apoptotic
cells using these probes. A similar phenomenon was also described by Dubertret
et al. (2001), who demonstrated that colloidal gold particles can efficiently quench
fluorochromes.

Fig. 7 Nanoparticle-based probes. Functionalized nanoparticles [e.g., aminated superparamag-
netic iron oxides (SPIOs)] can be linked to fluorochromes via a peptide spacer. Quenching will
occur based on interactions of the fluorochrome with the iron core and/or FRET-based quenching
with neighboring fluorochromes. Enzymatic release of the fluorochromes results in a significant
increase of the fluorescence signal. These multivalent probes can be applied for multimodal imag-
ing; e.g., with MRI and optical techniques. In a clinical scenario, noninvasive MR-based probe
localization could be combined with high-resolution, real-time fluorescence imaging of the probe;
e.g., in an intraoperative setting
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Multimodal probes may well have a clinical perspective since they may be ap-
plied, for example, preoperatively for noninvasive detection of the SPIO distribution
by MRI and finally for intraoperative guidance using simple fluorescence reflectance
imaging techniques (Kircher et al. 2003).

6 Other Amplification Mechanisms

In order to detect ß-galactosidase activity, Tung et al. (2004) employed a fluorogenic
substrate that undergoes a significant wavelength shift after conversion by the en-
zyme. While the initial substrate (DDAOG) is excited at 465 nm and fluoresces
at 608 nm, enzymatic cleavage by ß-galactosidase results in a release of another
flourogenic substrate (DDAO), which is excited at 646 nm and fluoresces at 659 nm.
Thus, the cleavage product has far-red fluorescence properties that can be imaged
by FRI. Moreover, significantly, the wavelength shift (approximately 50 nm) allows
detection of the cleaved substrate without background signal from the intact probe
(Tung et al. 2004).

Another elegant way to amplify the optical signal in the target tissue was
described by Jiang et al. (2004), who designed an imaging agent that consists
of polyarginine-based cell-penetrating peptides (CPP), which are fused through a
cleavable linker to an inhibitory domain consisting of negatively charged residues.
Cleavage of the linker, typically by a protease, releases the CPP portion and its
attached cargo (e.g., a fluorochrome) to bind and enter cells. In cell culture and in
vivo, protease activities (e.g., MMP-2 and -9) were successfully visualized, showing
in vivo contrast ratios of 2–3 and a 3.1-fold increase in standard uptake values for
tumors relative to normal tissue or control peptides with scrambled linkers. Thus,
these cell-permeating probes may be another suitable way of amplifying the fluo-
rescence signal for molecular optical imaging.
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Abstract Assessment of gene function following the completion of human genome
sequencing may be done using radionuclide imaging procedures. These procedures
are needed for the evaluation of genetically manipulated animals or newly de-
signed biomolecules which require a thorough understanding of physiology, bio-
chemistry and pharmacology. The experimental approaches will involve many new
technologies, including in-vivo imaging with SPECT and PET. Nuclear medicine
procedures may be applied for the determination of gene function and regulation
using established and new tracers or using in-vivo reporter genes, such as genes
encoding enzymes, receptors, antigens or transporters. Visualization of in-vivo re-
porter gene expression can be done using radiolabeled substrates, antibodies or lig-
ands. Combinations of specific promoters and in-vivo reporter genes may deliver
information about the regulation of the corresponding genes. Furthermore, protein-
protein interactions and the activation of signal transduction pathways may be visu-
alized noninvasively. The role of radiolabeled antisense molecules for the analysis
of mRNA content has to be investigated. However, possible applications are thera-
peutic interventions using triplex oligonucleotides with therapeutic isotopes, which
can be brought near to specific DNA sequences to induce DNA strand breaks at se-
lected loci.
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