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1. Introduction

Molecular imaging techniques are now indispensable tools
in modern diagnostics, because they are highly specific and
can provide biological information at the molecular level in
living systems."? They have enabled visualization of some
of the specific molecular events that play key roles in disease
processes, and they have enabled earlier diagnosis, as well
as monitoring of therapeutic responses. Various imaging
modalities, including positron emission tomography (PET),
single photon emission computed tomography (SPECT),
optical fluorescence imaging, magnetic resonance imaging
(MRI), computed tomography, and ultrasound imaging, are
all successfully employed in the field of molecular imaging.
Specific imaging is generally created by contrast agents;
however, most current clinical imaging remains at the
anatomical and macrofunctional level, due to the low
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targeting efficiency of such agents. To support the unmet
needs for in vivo clinical molecular imaging, there has been
considerable interest in investigating the design of highly
sensitive and specific molecularly targeted imaging probes.
To date, a large variety of sophisticated imaging probes have
been developed by combining various imaging moieties (i.e.,
radioisotopes, fluorophores, and nanoparticles) and targeting
ligands (i.e., small molecules, peptides, proteins, antibodies,
as well as cells). These efforts have profoundly impacted
the availability of imaging probes and significantly improved
the performance of imaging modalities. Several review
articles have discussed recent developments and applications
of molecular imaging probes,>” particularly the utilization
of peptide- and peptide hormone-based imaging probes.
An ideal imaging probe would have high affinity and
specificity for the target of interest. However, requirements
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beyond targeting selectivity become determinants for the
suitability of probes for in vivo applications, including in
vivo metabolic stability, high target-to-background ratio,
rapid clearance from nontarget tissues, and safety. Further-
more, tolerance and flexibility toward bulky chemical
modification are also needed, because imaging probes are
often associated with labeling of radioisotopes, fluorophores,
and materials such as linkers, polymers, and metals. From a
practical standpoint, synthetic peptides have attracted much
attention as molecular imaging probes for small molecules
and macromolecules.®'” Recent advances in phage display
technology, combinatorial peptide chemistry, and biology
have led to the development of robust strategies for the
design of peptides as drugs and biological tools, resulting in
identification of a richly varied library of bioactive peptide
ligands and substrates.!'™!3 To date, peptides that target a
number of disease-related receptors, biomarkers, and the
processes of angiogenesis and apoptosis are in place. These
peptides reveal high specificity for their target at nanomolar
concentrations and have low toxicity. They can be easily
synthesized, modified to optimize their binding affinity, and
possibly further modified structurally to improve their
stability against proteolytic degradation, to increase half-life
in circulation, and to enhance capillary permeability. All of
these attributes promote penetration into tissue and more
effective targeting. Furthermore, established peptide synthesis
processes are easy to scale up, and they yield reproducible
products with well-defined structures.

With the combination of advanced imaging sciences, peptide
chemistry, and the increasing availability of animal imaging
instruments, various kinds of highly specific peptide-based
imaging probes for different imaging modalities have been
designed and validated in preclinical and clinical investigations.
In the following review, an overview of molecular imaging
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probes associated with peptides and peptide hormones designed
for in vivo applications, including those for nuclear imaging,
optical imaging, and MRI, is provided. For the sake of focus,
this article will not discuss imaging probes that have been tested
only under in vitro cellular conditions, although many of these
can be applied in vivo. Key peptides for selective targeting of
biological receptors or biomarkers and modification strategies
for these peptides will be summarized. Then, the unique
concepts, characteristics, and applications of various peptide-
based imaging probes will be discussed for each of several
modalities.

2. Design of Peptide-Based Imaging Probes

Biologically active peptides are the products of genes, and
their targets are proteins or protein-coupled receptors. These
naturally occurring peptides play a regulatory role in the body
and generally mediate their function through specific binding
to receptors, such as G-protein-coupled receptors (GPCrs).!*
This peptide—receptor binding can activate or inhibit bio-
logical processes via different mechanisms, including activa-
tion of G-proteins, tyrosine kinases, or transcription pro-
cesses.!” Importantly, many of these receptors have been
shown to be significantly overexpressed in certain diseases,
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especially in particular tumor types.!® This is principally why
these overexpressed receptors and their receptor-binding
peptides have been chosen as potential targets for molecular
imaging and therapy by probes based upon their specific
receptor-binding peptides. Advances in molecular cancer
biology have revealed and elucidated an increasing number
of tumor receptors and their specific regulatory peptides. For
example, somatostatin (SST), integrin, gastrin-releasing
peptide (GRP), cholecystokinin (CCK), a-melanocyte stimu-
lating hormone (a-MSH), and glucagon-like peptide-1 (GLP-
1) receptors have been identified and characterized for tumor
receptor imaging.'*? Specific peptide molecules for these
receptors represent a class of perfect ligands for cancer
targeting and have accelerated interest in the development
of peptide-based imaging probes.®' These peptide molecules
can be identified and selected by modifying known native
peptides, molecular modeling of peptide-receptor structures,
or screening combinatorial peptide libraries.!”> Once the
imaging target has been identified, the development of
targeting peptides can generally be sped up by rational design
and the use of screening libraries. Established methods that
have been developed to identify novel targeting peptides
include the phage display peptide library method," the
spatially addressable parallel library method,?! synthetic
library methods requiring deconvolution,?? the affinity selec-
tion method,”® and the one-bead, one-compound (OBOC)
combinatorial library method.* The use of phage display
libraries is a powerful technique for receptor-specific peptide
discovery. This method enables the researcher to generate
an array of 108—10° different phages that can be easily
screened to isolate targeting peptides. A number of methods
can be further utilized to improve the physicochemical
properties of selected peptides. All of these structural
modification processes need to be validated with adequate
chemical and biological evaluations. Detailed rational ap-
proaches for the discovery of targeting peptides have been
summarized elsewhere.!!1225-27

A peptide is any combination of amino acids linked by
peptide bonds. Generally, peptides considered as imaging
ligands have a low molecular weight, containing several to
fewer than 50 amino acids. These small receptor-binding
peptides have a number of distinct advantages over proteins
and antibodies. Small peptides have favorable pharmacoki-
netic and tissue distribution patterns, as characterized by rapid
clearance from blood and nontarget tissues. Some peptides
have good permeability properties that can permit rapid
access of the peptide to target tissues. Peptides have low
toxicity and immunogenicity. An important factor in design-
ing peptide-based imaging probes is in vivo stability.
Typically, naturally occurring peptides have a short biological
half-life, due to rapid degradation by various peptidases and
proteases found in plasma and in most tissues. So, once the
key amino acid residues that are involved in the biological
activity have been determined, most peptides are molecularly
engineered to prolong their biological half-lives in vivo. The
methods commonly used to improve the metabolic stability
of peptides are the introduction or substitution of D-amino
acids, use of unusual amino acids or side-chains, incorpora-
tion of amino alcohol, and acetylation and/or amination of
peptide N- and C-termini. Furthermore, the rate of excretion
and permeability of peptides can be modified by altering the
hydrophilic and hydrophobic balances of peptide structures
by the introduction of specific hydrophilic and/or lipophilic
amino acids or other chemicals. Peptide cyclization can be
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applied to restrict the mobility of the peptide and to improve
receptor binding affinity and stability. It should be noted that
the biological functions of peptides are characteristic of their
amino-acid-determined three-dimensional conformation. There-
fore, care needs to be taken that modification of a peptide
does not cause a significant loss of its biological activity. In
particular, labeling a peptide to permit a wide range of
imaging moieties may potentially interfere with its binding
region. To retain the biological activity of peptides, a spacer
can be incorporated between the active site of the particular
peptide and the imaging moiety, and/or the imaging moiety
can be site-specifically conjugated to a peptide sequence
position not involved in binding to the receptor. A number
of receptor-specific peptides and their analogues have been
screened, synthesized, and labeled (mostly with radioiso-
topes), using a variety of techniques to modify the native
peptides, and then their clinical potential has been determined.

Once the key amino acid structures have been determined
and optimized, peptides can be directly or indirectly labeled
with imaging moieties to provide or augment the imaging
signal, depending on the modality. For instance, several
radioisotopes (*™Tc, '*F, **Cu, '''In, '*’I, *Ga) for PET and
SPECT, organic near-infrared (NIR) fluorophores, or quan-
tum dots (QDs) for optical imaging, and magnetic nanopar-
ticles (iron oxide nanoparticles) for MRI can be conjugated
to peptides via organic linkers, macrocyclic or branched
chelators, polymers, or nanoplatforms by well-established
bioconjugation techniques.®?%30

A general strategy is clear for development of a molecu-
larly targeted imaging probe with a peptide. Schematically,
a probe can be created through combination of a targeting
peptide, a linker, and an imaging moiety. The new peptide-
associated probe should have high in vivo uptake and
retention in the target, with low background uptake in
nontarget tissues. Moreover, the probe should be safe and
easy to prepare. Considering these factors, there has been a
great deal of attention and acceleration in the development
of molecularly targeted peptide-based probes. The next
sections introduce selected targeting peptides and describe
different design strategies and applications of peptide-based
probes.

3. Peptide Probes for Nuclear Imaging

Despite the rapid progress of a number of imaging
modalities, nuclear imaging remains the premier clinical
method. Both PET and SPECT have been well-developed
and are widely used in daily practice. Two unparalleled
advantages that PET and SPECT provide are their high
sensitivity and need for the injection of only a minute
quantity of tracer molecules. PET and SPECT imaging
modalities are the most sensitive molecular imaging tech-
niques, providing picomolar-range sensitivity.*!*> Such high
sensitivity and the ability to provide diagnostically valuable
molecular and metabolic information unattainable by purely
anatomical imaging have made PET and SPECT the methods
of choice to elucidate pathological alternations at cellular or
molecular levels. FDG-PET, in particular, is utilized to
measure the activities of glucose metabolism and has found
wide applications in oncology, cardiology, neurology, and
pharmacology.

A critical step in the development of peptide probes for
nuclear imaging is the radiolabeling process. Due to the
characteristics of short-lived radioisotopes, labeling, purifica-
tion, and characterization of radiolabeled peptides need be



3090 Chemical Reviews, 2010, Vol. 110, No. 5

o moi”

8 -

R w
OH
DOTA NOTA
(@] H
e
G .
(o] v% Hoy/

TETA
Figure 1. Selected macrocyclic chelators.

performed in a restricted time window, which limits the
options of the candidate chemistry. A targeting peptide
should be radiolabeled efficiently with high specific activity
and be physiologically stable. Easy-handling and high
throughput are essential to acceptable radiolabeling chem-
istry. Additionally, several other issues need to be taken into
account. One is the in vivo stability of the radiolabeled
peptide. The isotopes may detach from the host peptide
during the circulation, resulting in readouts that are not
correlated with the peptide migration. Second, the impact
of radiolabeling on the peptide—receptor interaction is
important. The imparted radioisotopes may interfere with or
even block the peptide—receptor interaction, leading to
compromised binding affinities. Third, the overall confor-
mational structure of the peptide of concern is important.
Incorporation of a radioisotope, chelator, and spacer to a
relatively compact peptide may cause nontrivial alternations
to its physical properties. Those changes can lead to a
different pharmacokinetic profile, including increased renal
and hepatic elimination, which is unfavorable to imaging.
Various techniques have been developed that allow efficient
labeling of peptides with clinically useful radioisotopes via
a chelating moiety or prosthetic group. In the following
section, the common techniques that have been developed
for peptide labeling of metal isotopes and 'F will be
introduced and their applications will be reviewed.

3.1. Radiolabeling Strategies

Metal isotopes including **Cu, %*Ga, '""Lu, "''In, and *°Y
are mainly introduced to the peptides with the aid of certain
polyaminopolycarboxylic ligands, such as 1,4,7,10-tetraaza-
cyclodecane-1,4,7,10-tetraacetic acid (DOTA), 2,2',2"-(1,4,7-
triazacyclononane- 1,4,7-triyl)triacetic acid (NOTA), dieth-
ylene triamine pentaacetic acid (DTPA), triethylenetetramine
(TETA), and 4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicy-
clo[6.6.2]hexadecane (CB-TE2A) (Figure 1). These chelators
are efficient in coordinating the metals with all of the amino
groups and some of the carboxyls. The multiple bonding sites
lead to high binding strengths. As one example, in pure water,
the equilibrium constant of the copper—TETA complex is 3
x 105, which is comparable to the most stable noncovalent
bonding known in biology (avidin—biotin, K ~ 10'%).%
Furthermore, the complex typically forms within minutes
upon mixing, independent of the peptide structure, which is
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Figure 2. Selected bifunctional DOTA analogues.

highly favorable considering the fast decay of the isotopes.
While several carboxyls might become involved in the
complex formation, the remaining ones can be utilized to
couple with the peptides, typically via formation of amide
bonds with primary amines from either lysine or the
N-terminus of the peptides. The carboxyl can be activated
in situ with 1-ethyl-3-(3-dimethylaminopropyl) (EDC) car-
bodiimide hydrochloride and N-hydroxysuccinimide (NHS,
or its more water-soluble derivative sulfo-NHS), yielding an
intermediate that is reactive toward peptides.** Even simpler,
the chelators in carboxylic group modified form, such as
DOTA-NHS ester and maleimido-amide-DOTA, are now
commercially available, cutting the coupling to a one-step
incubation. An alternative timing of introducing a DOTA-
like chelator is during the solid-phase synthesis.?**® For
instance, tris-tert-butyl-DOTA, which has one free carboxyl
and three fert-butyl protected ones, can be added at the
N-terminal of the peptide subsequent to the assembly of the
peptide sequence. Its protecting groups can be removed in
parallel with amino acid side-chain protection groups at
the end of the synthesis. Commonly, lysine lies in the
center of the active site and coupling to it could seriously
compromise binding affinity. In this context, solid-phase
synthesis is advantageous over solution-phase synthesis
for permitting N-terminus site specific coupling. The
chemical structures of selected bifuctional DOTA ana-
logues are shown in Figure 2.

Metals such as **™Tc and '%Re can be efficiently chelated
by other chelating groups. *™Tc refers to the metastable
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nuclear isomer of *Tc, which has a 6 h half-life.*” Although
bare " Tc can complex with polydentate chelators, such as
boronic acid adducts or DTPA, the more favorable forms
are [Tc=O]** or [Tc] 6-hydrazinopyridine-3-carboxylic acid
(HYNIC), which possess better stability. Various chelators
with a combinational form of N,S,—, have proved effective
in binding with [Tc=0]>*, resulting in a square pyramidal
structure with the Tc in the center. For the sake of facile
peptide coupling, other than imine/amine/amide and thiol/
thioether groups, a fifth functional group, in most cases
carboxyl, exists in the chelator. One of the most-adopted
ligands is mercapto Ac-Gly-Gly-Gly (MAGs), which has
three amide nitrogens and one sulfur from thiol coordinate
with the [Tc=O]*" core, while leaving a terminal carboxyl
for peptide coupling.®*“? Likewise, '*Re can be complexed
in the same manner. There are cases where [O=Tc=0]"
utilized as the cores. In such a scenario, the complex
constitutes an octahedral instead of a square pyramidal
structure, with two O occupying the two apical sites, while
the chelator occupies the four equatorial sites. One of the
representative chelators is 1,2-bis[bis(2-ethoxyethyl)phos-
phinoJethane, in which the phosphine P serves as the donor
atom.*'*? Similarly, HYNIC can take one or two binding
sites of Tc, leaving four binding sites for the coligands such
as tricine and ethylenediaminetetraacetic acid (EDTA). But,
unlike the [Tc=O0]*", the chelator—peptide coupling was
mostly achieved from the amine group of HYNIC instead
of from the chelators. The chemical structures of selected
chelating agents are shown in Figure 3.

18F has so far been the mostly utilized radioisotope in PET
imaging. Indeed, 2-['®F]fluoro-2-deoxy-D-glucose (['*F]JFDG)
is regarded as the “gold standard” in cancer staging and the
diagnosis of a wide range of other diseases. Other '®F-labeled
small molecular tracers that are of significance include 3'-
deoxy-3'-['®F]fluorothymidine (['*F]FLT) for cell prolifera-
tion imaging, ['®F]fallypride for dopamine receptor imaging,
and ['®F]fluoroazomycinarabinofuranoside (['*F]FAZA) for
hypoxia imaging (Figure 4).* '8F has a half-life of 109 min,
which is short enough to cause negligible damage to the
exposed living subjects. Meanwhile, '®F has a low 3t-energy
(0.64 MeV). Therefore, a short linear positron range in the
tissue allows the acquisition of high-resolution images.
Compared to the radiometal-labeling method, where the
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labeling process is no more than an instantaneous coordina-
tion, the '8F fluorination is far more complicated. There are
generally two forms of '8F precursors, one is '®F~ (such as
K['®F] and Cs['8F]) and the other is ['®F]F, or its derivative
(such as acetyl hypofluorite (CH;COO['8F]F)). Although
there are reports of using these two precursors for direct
peptide labeling,** generally these approaches are regarded
as inefficient and lacking chemoselectivity, and are rarely
employed. Practically, it is more common to convert the '8F
precursors to certain forms of '*F-labeled prosthetic groups
(called synthons) and to use those synthons for peptide
labeling (Figure 5).

The primary amine from either the N-terminal amino acid
or lysine side chain is widely utilized as the mounting site
of 8F synthons (Figure 6). Previously, several aliphatic
prosthetic groups have been used. However, the leading role
in '8F labeling has been gradually replaced by a group of
["®F]fluoroaromatic compounds, with the most representative
being 4-['"¥F]fluorobenzonic acid. Upon activation with N,N-
disuccinimidyl carbonate or, in solid phase synthesis, TSTU,
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4-["®F]fluorobenzonic acid is converted to N-succinimidyl-
4-["¥F]fluorobenzoate (['*F]SFB), which can be efficiently
coupled with peptides via acylation. Beside ['*F]SFB, its
analogues, including 4-['3F]fluorobenzylamine succinimidyl
ester (['F]SFBS), N-succinimidyl-4-(['®F]fluoromethyl)-
benzoate) (['®F]SFMB), 4-['®F]fluorophenacyl bromide
(['*F]SPB), and 3-['®F]fluoro-5-nitrobenzimidate (['F]S-
FMB), have also been exploited. Thiols are not as abundant
as carboxyl and amine groups in peptides, so targeting thiols
could afford better chemoselectivity. It is conceivable that
cysteine is contained in the sequence or, alternatively, that
thiol molecules are artificially introduced. On the other hand,
the efficient coupling between maleimide and thiol makes
thiol the group of choice to put onto the synthons. In most
cases, it is introduced with a maleimide-containing bifunc-
tional molecule, which anchors onto the prosthetic group
through the second functional group. For instance, ['®F]SFB
can be reacted with N-(2-aminoethyl)maleimide (['F]F-
BEM),*® or alternatively, ['*F]FBA can be reacted with N-[4-
(aminooxy)butyl]maleimide,*® both yielding thiol reactive
prosthetic groups. ['®F]FBA is the precursor of ['F]SFB,
which is derived from '8F~ via a one-step fluoration reaction
and can be efficiently linked with aminooxy or hydrazine
compounds in a subsequent one-step coupling. Since ['*F]F-
BA-based peptide labeling takes fewer steps and leads to
less activity loss during purification, there has been increasing
interest in using it as a synthon. ['"*F]FDG itself can also be
utilized as a synthon. ['®F]FDG can be converted to ['*F]FDG-
maleimidehexyloxime (['*FJFDGMHO), which is highly
reactive toward thiolated peptides.*’ An elegant example of
click chemistry is the Huisgen 1,3-dipolar cycloaddition that
occurs between azides and alkynes under the catalysis of
copper(I). Due to its simplicity, speed, selectivity, high yield,
and mild reaction conditions, it has become an important
bioconjugation technique and is also exploited for 'F
radiolabeling. Clearly, there are two approaches to coupling
8F synthons and the peptides through click chemistry:
['F]fluoroalkynes reacting with peptide azides and the
reverse, ['®F]-azide coupling with peptide alkyne (Figure
7).48,49

Due to the small size of peptides, attaching a bulky
radiolabeled chelating group or a prosthetic group may
influence the biological activity of the peptides. Therefore,
site-specific radiochemistry is needed and important for the
preparation of biologically active peptide probes. In many
cases, a spacer is generally present to separate the nuclide
complexes from the peptide moiety. A wide variety of
strategies have been developed in recent years for the
convenient and efficient radiolabeling of peptides. In the next
section, we discuss the significance of various peptide-
receptors in molecular imaging, as well as recently developed
radiolabeled peptide-based probes for cancer targeting in
vivo.

Peptide

3.2. Radiolabeled Peptide Probes
3.2.1. Somatostatin Analogues

Somatostatins (SST) are a family of cyclopeptides that
have inhibitory effects on the secretion of hormones such
as growth hormone, insulin, and glucogon.’® There are two
naturally occurring active SSTs with SST-28 and SST-14
amino acid residues; their biological activities are mediated
with G-protein coupled human somatostatin receptors (SSTrs).
To date, five different subtypes of SSTrs (SSTr1—SSTr5)
have been identified.’! SSTrs are overexpressed on a majority
of tumors, such as the neuroendocrine tumors, gliomas, breast
cancer, and small cell lung cancers (SCLC).>> SSTrs
represent one of the best examples of targets for radiolabeled
peptide probes. Because naturally occurring SSTs are vulner-
able to rapid enzyme degradation in vivo, a large library of
SST analogues with improved metabolic stability and
biological activity has been developed. The most widely
investigated peptide is the cyclic octapeptide octreotide (D-
Phe'-Cys?-Phe’-p-Trp*-Lys®>-Thr®-Cys’-Thr?-ol) and its ana-
logues. Octreotide lacks key enzyme cleavage sites and is
more stable than native SSTs (half-life: 90—110 min vs <3
min). The first FDA-approved agent was [!!'In-DTPA]-
octreotide (OctreoScan), which was originally designed for
scintigraphy of neuroendocrine tumors. However, due to its
moderate binding affinity to SSTr2 and because DTPA is
not a suitable chelator for many other nuclides, the next
generation of SST analogues has been introduced. Octreotide
analogues with a higher affinity for SSTr2 have been
discovered and labeled with the DOTA chelator, which forms
thermodynamically and kinetically stable complexes with
metals compared to DTPA. Representative DOTA-labeled
SST analogues are [DOTA-Tyr?]-octreotide (DOTA-TOC),
[DOTA-D-Phe!, Tyr’l-octreotide (DOTA-TATE), and [DOTA-
Nal*]-octreotide (DOTA-NOC).>* *"Tc-labeled SST ana-
logues, such as [*"Tc-EDDA/HYNIC]-TOC and [*™Tc-
EDDA/HYNIC]-TATE were designed for specific labeling
of ®MT¢. 355 SST analogues have also been designed for PET
imaging. Different DOTA-octreotide analogues including
[%Ga-DOTA]-TOC, [*®®Ga-DOTA]-NOC, and [*Cu-DOTA]-
TATE have been reported, and their efficacy has been further
confirmed in various preclinical and clinical settings.’® To
improve probe pharmacokinetics and for clinical application
in PET imaging, '*F-labeled carbohydrated conjugates of
TOC such as ['8F-FP-Gluc-Lys’-Tyr*]-octreotide have been
developed. Such analogues provide better diagnostic perfor-
mance, compared to OctreoScan, in patients with SSTr-
positive tumors.’”*® Analogues with a high binding affinity
to broader subtypes of SSTrs have been designed with the
sequence of [DOTA-Nal®,Thr¥]-octreotide and [DOTA-
BzThi3, Thr®]-octreotide; they have shown 2-fold higher
specific uptake in AR4—2J tumors in vivo compared with
['"In-DOTA]-TOC.” Recently, a series of DOTA-conju-
gated SSTr2 antagonists was prepared and their superior
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efficacy was demonstrated both in vitro and in an SSTr2-
expressing tumor model (Figure 8).%0-62

3.2.2. Arg-Gly-Asp Analogues

Integrins are a family of heterodimeric transmembrane
glycoproteins consisting of two noncovalently associated
receptor subunits, o and 3.°%%* The a.f3; integrin seems to
be the most closely related with tumor progression and plays
important roles during tumor angiogenesis and formation of
new blood vessels. The integrin o33 receptor is normally
expressed on endothelial cells and most normal organs.
However, it is highly expressed on activated and proliferating
endothelial cells during tumor angiogenesis and metastasis.!’
The overexpression of integrin /33 in several tumor forms,
including melanomas, ovarian and lung carcinoma, neuro-
blastomas, glioblastomas, and breast cancer, has attracted
much attention as an attractive target for diagnostic cancer
imaging. The integrin receptor recognizes polypeptide do-
mains containing the Arg-Gly-Asp (RGD) amino acid
sequence, which is present in several extracellular matrix
proteins such as vitronectin.®® Based on the knowledge that
RGD sequences strongly bind with the a,f; receptor, a
significant number of small linear and cyclic RGD peptide
analogues have been designed.%®%® Of particular interest, a
series of active and selective cyclic RGD analogues contain-
ing the sequence of cyclo(Arg-Gly-Asp-D-Tyr-Lys), referred
to as “c(RGDyK)”, and cyclo(Arg-Gly-Asp-D-Phe-Lys),
referred to as “c(RGDfK)”, were designed by backbone
cyclization. To date, two different '*F-labeld RGD analogues,
['8F-galacto]-c(RGDfK) and '*F-AH111585, are under clini-
cal investigation.®”7* The glycopeptide ['®F-galacto]-c(RGD-
fK) was synthesized by introducing SAA (7-amino-L-glycero-
L-galacto-2,6-anhydro-7-deoxyheptanoic acid) to a lysine
group of c(RGDfK) to improve the pharmacokinetics and
reduce uptake by the liver. ['®F-galacto]-c(RGDfK) specif-
ically binds to the isolated o35 receptor and has successfully
identified o5 receptor expression in patients with mela-
noma, sarcoma, breast cancer, and glioblastoma.”®7? '8F-
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AH111585 is an '8F-labeled RGD4C peptide containing
multiple disulfide bridges and a short poly(ethylene glycol)
(PEG) spacer at the C-terminus to stabilize the peptide in
vivo.”” These probes demonstrated comparable binding
affinity with ¢(RGDfK), and their efficacy has been con-
firmed in patients with breast cancer.”>’* In order to provide
enhanced binding affinity to integrin o,/3; receptor and to
improve pharmacokinetic profiles, several different forms of
18F_labeled RGD dimers have been developed by labeling
Glu-[c(RGDyK)], (['FJFRGD2) and NH,-PEG;-Glu-
[c(RGDyK)], (["*F]JFPRGD?2) with ['*F]SFB and by labeling
NH,-PEG;-Glu-[¢(RGDyK)], (['*FIFPPRGD2) with 2-[*F]-
FPA.7""® Both RGD dimers bind more specifically to the
o.,f3; receptor than monomeric RGD peptide in vitro and, in
vivo, to o,B3-positive US7MG tumor cells within mice. More
recently, ['SFJFPRGD2 and ["*F]FPPRGD2 have been ap-
proved by the FDA for the first in-human studies. Similarly,
various multivalent dimers and tetramers of the cyclic RGD-
based peptides, including Glu-[c(RGDyK)],, Glu-[Gly-Gly-
Gly-¢(RGDfK)],, and Glu-[Gly-[c(RGDfK)],],, were pre-
pared and labeled with various radioisotopes, such as *Cu,
%Ga, and *™Tc.”-% Besides the conjugation of radioisotopes
to the primary amine groups, labeling of RGD peptides
through a thiol-reactive synthon, ['®F]JFBEM (i.e., by click
chemistry), has been reported.*>*® Of particular interest, a
cyclic triazole-bearing RGD peptide, '8F-RGD-K5, was
developed by using click chemistry and is now entering a
clinical study.?*85 Most of the reported RGD peptide probes
have provided excellent tumor targeting efficiency in animal
models (Figure 9).

3.2.3. Bombesin Analogues

Bombesin (BBN) is an amphibian homologue of mam-
malian gastrin-releasing peptide (GRP; pGlu!-GIn*-Arg*-
Leu*-Gly’-Asn®-GIn’-Trp3-Ala’-Val'*-Gly'!-His'*-Leu'3-Met'*-
NH,) that exhibits high affinity and specificity to the GRP
receptor (GRPr).3¢ Four different GRPr subtypes have been
characterized, and overexpression of GRPrs has been dem-
onstrated in a variety of cancers including small cell lung
cancer (SCLC), prostate, breast, pancreas, and gastrointestinal
tumors.'® Like other naturally occurring peptides, BBN has
a very short circulation half-life (<2 min). Various BBN
analogues based on their key amino acid sequence, BBN""4,
were screened and developed as imaging probes, mostly by
incorporating radioisotopes at the N-terminus of the peptide.
For SPECT imaging of GRPr-expressing tumors, **"Tc-RP-
527, a tripeptide NS chelator coupled to BBN”~'* via a Gly-
5-aminovaleric acid linker, has been reported and evaluated
in mice with PC-3 tumors and in breast cancer patients. %%
The bifunctional chelator EDDA/HYNIC conjugated to a
BBN analogue for the preparation of [*™"Tc-EDDA/HYNIC-
Lys*]-BBN was less lipophilic and had lower hepatobiliary
and renal excretion in vivo.%® Macrocyclic chelator-labeled
BBN analogues were developed to provide flexibility for both
SPECT and PET applications. For instance, ['''In-DOTA-
11-Aun]-BBN7"14, [8Ga-DOTA-PEG,]-BBN’" !4, [**Cu-
DOTA-Pro!, Tyr*]-BBN, and [*Cu-NOTA-8-Aoc]-BBN’ "4
were developed and their efficiency was successfully con-
firmed in vivo.”*%* ['®F-Lys*]-BBN prepared by conjugating
["F]SFB to the lysine group of the BBN analogue demon-
strated receptor specific uptake in PC-3 tumors in vivo.*
Potent BBN agonists and antagonists were designed and
characterized both in vitro and in vivo. These included
Demobesin 1 ([*™Tc-N4-bzlg®,D-Phe®,Leu-NHE(! des-Met'*]-
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Figure 9. (A) Selected RGD analogues for PET imaging. (B) Serial microPET images of U87MG tumor-bearing mice after intravenous
injection of ['8FJFPRGD2. The arrow indicates a tumor. Modified with permission from ref 77. Copyright 2007 Springer-Verlag.

BBN®"'%), Demobesin 4 ([**"Tc-N,-Pro', Tyr*,Nle'“]-BBN),
%8Ga-BZH3 ([**Ga-DOTA-PEG,-D-Tyr®,8-Ala'!, Thi'3,Nle'4]-
BBN®%), and Z-070 ([!''In-DOTA-PEG4-D-Tyr%,5-
Ala'! Thu'3 Nle'*]-BBN®~14).95-9%8 Ag an alternative to the use
of single or homogeneous multivalent peptides, peptide
ligands recognizing both GRPr and integrin receptors have
been designed and evaluated for their dual-receptor-targeting
abilities. A BBN-RGD heterodimer was synthesized by
coupling of Aca-BBN’"'* and c¢(RGDyK) peptides using
glutamic acid as a linker.”” A Glu-BBN-RGD was prepared
and labeled with various radioisotopes, such as '8F, $*Cu,
and ®Ga, using combinations of PEG; linker or chelating
agents including DOTA and NOTA (Figure 10).%-'% Dual-
targeting of integrin and GRPr significantly improved tumor-
targeting efficacy and pharmacokinetics compared with single
RGD and BBN analogues in prostate and breast cancer
models. The application of BBN peptide-based probes is
considered to be more relevant clinically than that of SST
peptides, due to the broad spectrum of BBN specificity for
various tumors.

3.2.4. Cholecystokinin Analogues

Cholecystokinin (CCK) and gastrin are structurally and
functionally related peptide hormones that function in the
gastrointestinal tract and central nervous system.'™ The
biological action of these peptide hormones is mediated by
CCK/gastrin receptors belonging to the super family of GPCrs.
These receptors are distributed in a number of different
tissues rather than as a selective expression of specific
subtypes. In certain human tumors, overexpression of these
receptor subtypes has been well demonstrated.'®19>1% CCK-
2/gastrin receptors are overexpressd in a high percentage
(>90%) of medullary thyroid cancer (MTC) and in other
tumors of SCLC, astrocytomas, stromal ovarian tumors, and
gastroenteropancreatic cancers. Among the CCK analogues
derived from a 115 amino acid precursor CCK protein, most

CCK-related peptide probes were designed based on CCK-
8.197 CCK-8 is a sulfated octapeptide C-terminus fragment
of the biologically active CCK with the sequence of Asp-
Tyr(SOs;H)-Met-Gly-Trp-Met-Asp-Phe-NH,. Minigastrin
(MG), a C-terminal truncated form of 13 amino acid peptide
with the sequence of Leu'-Glu?-Glu3-Glu*-Glu’-Glu®-Ala’-
Tyr-Gly’-Trp'®-Met''-Asp'2-Phe'3-NH,, is also frequently
used to target CCK-2/gastrin receptors. CCK and gastrin
share an identical sequence of five amino acids at their
biologically active C-terminal region. Radiolabeling of
CCK-8 peptides with '''In or **™Tc has been reported for
CCK-2 receptor (CCK-2r) imaging in vivo. For instance,
['"In and **™Tc-DTPA-Glu-Gly]-CCK-8 and [**™Tc-tricar-
bonyl-Lys,His]-CCK-8 have been investigated and their high
specificity for CCK-2rs demonstrated in A431 cells that
overexpress CCK-2r and in an A431-CCK-2r xenograft
model.'®-1% MG analogues have also been combined with
radioisotopes and shown to be suitable for CCK-2r/gastrin
receptor targeting. ['''In-DTPA-D-Glu' or Leu']-MG, [*™Tc-
EDDA/HYNIC-D-Glu']-MG, and '!'In-labeled small peptide
libraries constructed based on the C-terminal sequences of
CCK-8 or MG have been reported.!!'"!!3 Recently, DOTA-
conjugated MGs with decreased numbers of glutamic acids
demonstrated improved affinity in gastrin receptor-positive
AR4-2] rat pancreatic tumor cells and showed tumor
specificity in AR4-2J xenograft models.''* In another em-
bodiment, cyclized MG analogues such as cyclo"’[y-D-
Glu'!,desGlu*> ®,p-Lys’]-MG and cyclo"[y-D-Glu!,desGlu> 6,p-
Lys? Nle'']-MG were synthesized and labeled with *™Tc-
EDDA/HYNIC. The cyclized MG probes showed rapid
internalization in cells expressing CCKr and high tumor
uptake with the low kidney retention in an animal model.
However, cyclized MGs need improved metabolic stability
and bioavailability in vivo to be useful clinically.
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3.2.5. a-Melanocyte Stimulating Hormone Analogues

a-Melanocyte stimulating hormone (0-MSH) is a linear
13 amino acid peptide with the sequence Ac-Ser'-Tyr?-Ser-
Met*-Glu’-His®-Phe’-Arg8-Trp®-Gly'%-Lys!'-Pro'2-Val 3-
NH, produced in the pituitary gland, and it is mainly
responsible for the regulation of skin pigmentation.? It has
been reported that a-MSH receptors are distributed in more
than 80% of human melanoma metastases.'’> Therefore,
radiolabeled peptides that target these receptors are attractive
probes for diagnosis of melanoma. The rapid metabolization
of o-MSH under physiological conditions led to the develop-
ment of novel a-MSH analogues with improved stability and
specificity in vivo. Most o-MSH analogues were designed
and synthesized by amino acid substitution with D- and non-
natural amino acids. For instance, replacement of Met* with
Nle*, and Phe’ with p-Phe’ in a-MSH results in a highly
potent analogue, NDP, with the sequence [Nle*D-Phe’]-
MSH.!'® Several linear o-MSH analogues, such as [!!'In-
DTPA]-NDP, [*™Tc-Cys-Gly-Cys-Gly]-NDP, [*™Tc-MAG,-
Lys''-NDP (MAG,: mercapto Ac-Gly-Gly), and [*"Tc-Cys-
Gly-Cys-Gly-D-Phe’]-MSH>"!°, were reported some years
ago.'%116 Despite their somewhat improved biological po-
tency, many of these radiolabeled peptides were not devel-
oped further, mainly due to poor tumor targeting character-
istics in vivo. An alternative design for an a-MSH analogue

was developed using metal-cyclized peptides such as [Cys**1° p-

Phe’]-MSH3™ 13 (CCMSH).'*? Subsequently, DOTA-conju-
gated and remediated CCMSH analogues, including [DOTA]-
ReCCMSH and [DOTA-Arg'']-ReCCMSH, were synthesized
and labeled with various radioisotopes, such as !''In, *Cu,
and %Ga.!'7"'" Compared with the linear o-MSH analogues,
the metal-cyclized analogues displayed favorable pharma-
cokinetics and superior tumor targeting in vivo. Recently, a
series of DOTA-conjugated lactam bridge-cyclized o-MSH
analogues, including [DOTA-Glu-Glu]-cycloMSH and [Ac-
Glu-Glu]-cycloMSH-DOTA, were designed and labeled with
11Tn, and they were shown to possess superior tumor uptake
and to prolong tumor retention in melanoma-bearing mice.'?*!2!
For PET imaging of a-MSH expression, a '®F-labeled peptide
analogue was also developed by labeling ['®F]SFB with an
o-MSH analogue, Ac-Nle-Asp-His-D-Phe-Arg-Trp-Gly-Lys-
NH,, and its tumor specificity was confirmed in mice bearing
a B16/F10 tumor. For application of dual-receptor-targeting,
peptide ligands recognizing both integrin and a-MSH
receptors have been designed.'? The RGD motif, c((RGDyD),
was conjugated to [Arg!']-CCMSH through Lys to generate
RGD-Lys-Arg!'-CCMSH. The *™Tc-labeled peptide dem-
onstrated enhanced cellular uptake in B16/F10 cells in vitro
and rapid, high melanoma uptake in a B16/F10 xenograft
model.
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3.2.6. Other Peptide Analogues

Neurotensin (NT) is a 13 amino acid peptide with the
sequence p-Glu'-Leu?Tyr*-Glu*-Asn®>-Lys®-Pro’-Arg3-Arg’-
Pro!0-Tyr!'!-Tle'?-Leu'3. NT is a neurotransmitter and a local
hormone, and it can be found in the central nervous system
and in peripheral tissues.'?® Three NT receptor subtypes have
been cloned to date, and overexpression of NT receptors has
been found in many tumors. Examples include Ewing’s
sarcoma, meningiomas, SCLC, and MTC. In addition, >70%
of ductal pancreatic adenocarcinomas express NT receptors,
and 90% of tumors are positive for NT receptors in patients
with invasive ductal breast cancers.!**!% Since NT is rapidly
degraded by peptidases in vivo, several approaches to
stabilize the peptide were introduced, mainly by replacement
of the enzymatic cleavage sequence on the Arg®—Arg® and
Tyr!'—Ile!? bond. Optimization of NT analogues has resulted
in a number of NT® ! analogues, in which the small
C-terminal hexapeptide fragment contains various radioiso-
topes, including "''In, ®™Tc, and '8F.126-1%

Vasoactive intestinal peptide (VIP) is a 28 amino acid
peptide initially isolated from porcine intestine. VIP is an
important immunomodulator and stimulates the secretion of
various hormones. VIP receptors have been detected on the
cell membrane of normal intestinal and epithelial cells, and
they are overexpressed on various tumors cells, such as
colonic adenocarcinomas, pancreatic carcinomas, and car-
cinoids.'*® His! plays an important role in receptor-binding
affinity; therefore, various VIP analogues were prepared by
modifying the C-terminus of the peptide. VIP and its
analogues labeled with various radioisotopes, including
9mTe 64Cu, and '8F, have been evaluated in animal models
and in humans.!3!-133

Glucagon-like peptide-1 (GLP-17°) is a peptide hormone
secreted from L-cells in the gastrointestinal tract that
stimulates insulin secretion through GLP-1rs expressed on
pancreatic /3 cells of the islets.!**!3> Recent studies have
revealed that massive numbers of GLP-1rs are overexpressed
in most human insulinomas and gastrinomas.'® Radiolabeled
GLP-17° and its metabolically more stable agonist,
['»I]-GLP-1,"3¢ ['"'In-Ahx-DTPA-Lys*’]-Exendin-4, and
['>T]-Exendin®*° have been developed for GLP-Ir-positive
tissues in animal models.***® Among others, ['!'Tn-Ahx-
DTPA-Lys*’]-Exendin-4 is able to image targeted tumors in
the Rip1-Tag2 mouse model of insulinomas and successfully
detects tumors in patients with insulinomas that are not
detected by conventional imaging methods (Figure 11).137:1%

Neuropeptide Y (NPY) is a 36 amino acid residue of the
pancreatic polypeptide family, and NPYrs are widely pro-
duced in various neuroblastomas, breast cancers, and
sarcomas.'*%!*!"' A number of radiolabeled NPY analogues
have been designed and characterized, including NPYr-
selective ['!''In-DOTA-Lys* Phe’, Pro**]-NPY; however,
more in vivo data are required to confirm their potential as
tumor imaging agents.'*>'* The chemokine receptor CXCR4
is a member of the GPCr family and has recently been
identified as a target receptor for in vivo tumor imaging.'*
The expression of CXCR4 is known to be up-regulated in a
variety of cancer types, including breast, colon, lung, and
prostate, and it plays a crucial role in tumor metastasis.
Recently, a radiolabeled CXCR4 peptide inhibitor, ['''In-
DTPA]-Ac-TX14010, has been developed to image CXCR4
expression in metastatic tumors in vivo.'*> Several peptide
antagonists have been introduced as promising tools for
receptor-targeted imaging. For many years, antagonists have
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Figure 11. (A) Structure of ['''In-Ahx-DTPA-Lys*’]-Exendin-4.
(B) GLP-1 receptor scanning of insulinoma: (left) coronal SPECT
image of a tumor bearing Ripl1Tag2 mouse; and (right) transaxial
SPECT image of an insulinoma in a patient. Arrows indicate tumors.
Modified with permission from refs 137 and 139. Copyright 2006
the Society of Nuclear Medicine, Inc. Copyright 2008 the Mas-
sachusetts Medical Society.

not been considered for targeted receptor imaging, mainly
due to the limited peptide internalization and accumulation
in target cells, compared to that of agonists. However,
recently developed SSTr and GRPr radiolabeled antagonists
have shown preferable tumor uptake over agonists in vivo,
as described in the previous section, and they indicated the
importance of developing antagonist peptides. Besides the
development of numerous peptides for imaging receptors that
are overexpressed in tumor cells, considerable attention has
been directed toward the development of imaging agents for
monitoring specific enzyme expression involved in tumor
progression. For instance, matrix-metalloproteinases (MMPs)
are a family of zinc-dependent endopeptidases that play key
roles in several biological processes and have been the focus
of much interest as biomarkers in various diseases, including
cancers and inflammatory diseases.!*® Since MMPs are
significantly involved in cancer progression and certain
inflammatory diseases, a variety of imaging modalities are
utilized for the detection and imaging of MMPs in vivo.'"
For example, new MMP cyclic peptide inhibitors containing
a His-Trp-Gly-Phe sequence have been discovered and
radiolabeled for imaging of MMP activity in vivo.'*31%
Preclinical and clinical peptide-based probes for nuclear
imaging have become essential tools for the detection and
monitoring of various disease. A large number of novel
peptide candidates can be designed, and any peptide or
peptide hormone receptor that is overexpressed in key tumors
can be targeted by well-established direct or indirect radio-
labeling techniques on demand. Besides the use of single
peptide ligands, flexible peptide chemistry can offer diverse
peptide designs, such as multivalent dimers and tetramers,
for improved binding affinity or heterodimers for dual-
receptor-targeting. In addition, many of the diagnostic peptide
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Table 1. Selected List of Radiolabeled Peptides Which Are in Clinical Use or under Investigation in Clinical Trials”

peptide probes (receptor) peptide sequence indication comments ref
Somatostatin Analogues (SSTr)
Octreoscan ['"In-DTPA]-fCss(CFwKTC)T-ol neuroendocrine tumors  approved 52-54
DOTA-TOC [DOTA]-fCss(CYWKTC)T-ol neuroendocrine tumors clinical study  52-54
DOTA-TATE [DOTA]-fCss(CYWKTC)T neuroendocrine tumors clinical study  52-54
DOTA-NOC [DOTA]-fCss(C-Nal-wKTC)T-ol neuroendocrine tumors clinical study 52-54

8F-FP-Gluc-TOCA

N*-deoxyfructosyl-K(['*F-FP])-fCss(CYwWKTC)T

neuroendocrine tumors clinical study 58

Arg-Gly-Asp Analogues (0,/3; Integrin)

['F-galacto]-c(RGDfK)
BE-AH111585
BF-RGD-K5
['FJFPPRGD2

c(RGDFK(['SF-FP]-SAA))

['*F-FP]-PEG;-E-[c(RGDyK)],

RGD 4C analogue containing a PEG spacer
a cyclic triazole-bearing RGD peptide

head and neck cancers clinical study ~ 70-72
metastatic breast cancer  clinical study 73, 74
metastatic breast cancer  clinical study 85

n.d. eIND

Bombesin Analogues (GRPr)

9mTc-RP-527

[N5S]-G-Ava-QWAVGHLM-NH,

breast cancer clinical study 88

clinical study 98

PDAC

%Ga-BZH3 [DOTA]-PEG,-yQWAV-SA-H-Thi-Nle-NH, GIST
Neurotensin Analogue (NTr)
9mTe-NT-XI (N“-His)Ac-K(WCH-NH)RPY-Tle-L

clinical study 129

Vasoactive Intestinal Peptide Analogue (VIPr)

PmTc_ TP3654
Aba-GGaG

HSDAVFTDNYTRLRKQMAVKKYLNSILN-

various cancers clinical study 131

Glucagon-like Peptide-1 Analogue (GLP-1r)

[''"In-Ahx-DTPA-Lys*]-Exendin-4 HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPS
SGAPPPSK(Ahx-DTPA)-NH,

insulinoma clinical study 139

“eIND, exploratory investigational new drug; GIST, gastointestinal stromal tumor; PDAC, pancreatic ductal adenocarcinoma; n.d., not determined.

probes described in this review can readily be redesigned as
therapeutic radiopharmaceuticals by the replacement of
diagnostic radioisotopes with therapeutic isotopes, for in-
stance Y, '38Re, or '7’Lu. Despite the significant progress
in developing molecularly targeted peptides, their application
in molecular imaging and therapy is still in the early stages.
The clinical adaptation of molecular imaging will largely
depend on the development of more sensitive and reliable
radiolabeled peptide-based probes. Although significant
efforts have been directed toward developing clinically
applicable peptide-based probes, until now, there is only one
FDA approved peptide probe on the market (OctreoScan).
However, a variety of promising new candidates are under
active development (Table 1), and other key players are likely
to be available in the clinic in the near future. In the next
section, we describe the different peptide-based probe design
strategies for non-nuclear imaging modalities.

4. Peptide Probes for Optical Imaging

Real-time imaging of biological processes in live cells and
in vivo is one of the basic goals of modern optical imaging
techniques. Optical imaging methods provide many advan-
tages over other imaging modalities that include high
sensitivity, use of nonradioactive materials, and safe detection
using readily available instruments at moderate cost. For
many decades, microscopic optical imaging has been the gold
standard for cellular imaging in molecular biology. Today,
significant improvements in in vivo optical imaging tech-
niques offer new paradigms and opportunities in preclinical
and clinical molecular imaging applications. Recently de-
veloped optical imaging instruments and sophisticated optical
imaging probes provide noninvasive, real-time imaging of
small animals at the whole-body, tissue, and cellular levels.
Certainly, the combination of various near-infrared (NIR)
fluorophores and ligands, such as engineered peptides, has
significantly expanded and improved the performance of
optical imaging systems. Recent progress in the field of
optical imaging has been discussed elsewhere.”!>*152 We will
limit our discussions to design concepts for and recent

progress in the development of peptide-based optical probes.
After a brief introduction to fluorophores, we explain the
basic concepts and applications of optical probes categorized
as fluorophore-labeled and fluorophore-quenched molecular
imaging probes.

4.1. Fluorophore-Labeling Strategies

A fluorophore molecule has the capability to absorb
photons of energy at one wavelength and subsequently emit
the energy at a longer wavelength. This phenomenon has
been widely utilized in preclinical research to track biological
molecules or to study biochemical events. Fluorescent dye
molecules typically contain an aromatic ring system as the
generator of luminescence, and a larger aromatic ring system
usually suggests a better quantum yield and a longer emission
wavelength. Several important criteria for measuring the dye
capacity are its efficiency of absorbing photons and emitting
photons and its ability to undergo repeated excitation/
emission cycles (i.e., photostability). Two critical indices are
molar extinction coefficient (¢) and quantum yield (QY),
which correlate with absorption and fluorescence, respec-
tively, and which determine the overall fluorescence intensity
of a fluorophore. For commonly utilized fluorophores, the
two parameters are in the range of 5,000—250,000 cm™' M ™!
for € and 0.05—1.0 for QY."* A wide selection of fluoro-
phores with emission wavelengths spanning from the visible
to NIR spectra has been developed. The choice of fluoro-
phores is based on experimental needs, and the selection
differs between in vitro and in vivo applications. Fluoro-
phores with emission wavelengths between 400 and 600 nm,
such as 7-amino-4-methylcoumarin (AMC), fluorescein
isothiocyanate (FITC), and 5-carboxytetramethylrhodamine
(TAMRA) are overwhelmingly used for in vitro cellular
imaging. On the contrary, fluorophores with emissions in
the near-infrared region (650—900 nm) are widely used for
in vivo applications. This is because the latter group has
better tissue penetration and interferes less with the back-
ground generated from water, hemoglobin, and deoxyhemo-
globin (absorbance 560 nm).'>*
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Figure 12. Selected near-infrared (NIR) dyes.

Most NIR fluorophores that are in practical use are
essentially polymethines and, in particular, heptamethine
cyanines, which are comprised of benzoxazole, benzothia-
zole, indolyl, 2-quinoline, and 4-quinoline subclasses.? These
include indocyanine green (ICG, emission 830 nm), an FDA-
approved tricarocyanine dye commonly used as an angio-
graphic agent. Its analogues that have successively been
developed include bispropylcarboxymethylinodocyanine (Cy-
pate), Cy dyes from GE Healthcare, Alexa Fluor dyes from
Invitrogen, and IRdye dyes from Li-COR Bioscience.
Without charged groups, those heptamethine indocyanines
are highly lipophilic and are toxic due to a high susceptibility
of intracellular accumulation.® To address that, the com-
mercial formulas are di- or even tetrasulfonated, which
dramatically increases their solubility in physiological en-
vironments and reduces the risk of in vivo toxicity. At the
same time, efforts to develop novel fluorophores have been
continuous, aiming at achieving higher quantum yield, better
photostability, and lower toxicity. Gremlich et al. synthesized
the fluorescence oxazine dye AOI987, which has a maximum
excitation at approximately 670 nm and was demonstrated
to have specific interaction with amyloid plagues in an
APP23 transgenic mice model.' Carreira et al. reported the
preparation of conformationally restricted aza-dipyrromethene
boron difluoride (aza-BODIPY) dyes, which demonstrate
intense absorption, strong fluorescence, and high chemical
stability and photostability.!>” In addition, Weissleder and
his colleagues have developed a series of Nile Blue
analogues, which may be 10-times brighter than Nile Blue
and possess an excitation peak close to 680 nm.!3® To date,
a number of NIR fluorophores have been reported, and their
reactive intermediates for peptide bioconjugation are com-
mercially available (Figure 12). For instance, NIR fluoro-
phore is provided in the forms of -NHS ester, -maleimide,
and -hydrazide, with the targeting functional groups being
amine, thiol, and carbonyl, respectively.
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Figure 13. Simple schematic diagram of a peptide-based activat-
able probe: D, dye; Q, quencher.

The fluorophore molecules are sensitive to the environ-
ment, and their emission may vary with changes of pH,
solvent, and buffer components.'>® This can be beneficial,
as when the fluorophore and quencher are arranged in close
proximity (<10 nm), strong fluorescence quenching can be
induced by fluorescence resonance energy transfer (FRET)'®
and dark quenching mechanisms.!®! Fluorescence that has
been quenched by FRET can be restored, and this manipu-
lated fluorescence can report and image specific events. This
principle has been employed in the design of molecular
beacons or activatable imaging probes, which are effective
in monitoring enzyme-based pathological alternations (Figure
13).7 This probe is optically silent in its quenched state and
becomes highly fluorescent following proteolysis of the
peptide substrate linker by a target enzyme. Such a probe
usually contains two (or more) identical or different fluo-
rophores, which are joined together through a peptide linker
that is the substrate of certain specific enzymes such as
proteases. Proteases are enzymes that hydrolyze specific
peptide substrates within proteins and are overexpressed in
a number of pathologies.'®? These probes can be activated
by peptide cleavage induced by enzymes, which generates
a strongly manipulated fluorescence signal at the target region
(e.g., tumor). Compared with common targeting strategies,
this activatable approach may provide a cleaner background
and a better contrast/sensitivity and, hence, has attracted
increasing attention. To date, combination of NIR dyes and
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Figure 14. (A) Structure of c(RGDyK)-Cy5.5. (B) In vivo NIR fluorescence images of U87MG tumor-bearing mice at 4 h after intravenous
injection of ¢c(RGDyK)-Cy5.5 only (left) and a blocking dose of ¢(RGDyK) peptide (right). Modified with permission from ref 170. Copyright

2004 the American Association for Cancer Research.

optical imaging instruments has expanded these techniques
and allowed in vivo applications. The remainder of this
section discusses recently developed optical imaging probes
that combine various fluorophores with peptides or peptide
hormones to detect and image target diseases in vivo. Optical
probes associated with nanomaterials, including quantum dots
and polymeric, inorganic nanoparticles, will be discussed in
the next section.

4.2. Fluorophore-Labeled Peptide Probes

Biologically active peptides can be simply labeled with a
fluorophore for optical imaging, which is similar to the probe
design seen in radiolabeled peptide probes. Many active
peptide analogues introduced in the previous section (dealing
with nuclear imaging) have been developed as optical
imaging probes by specific conjugation of NIR fluorophores.
Receptor tyrosine kinases are important therapeutic targets
for antineoplastic targeted therapies. Mesenchymal-epithelial
transition factor (c-Met) is a receptor tyrosine kinase that is
overexpressed in a number of malignancies, such as glio-
ma.'® In order to investigate the possibility of c-Met receptor
targeting by using optical imaging systems, Cy5.5-conjugated
c-Met binding peptide (c(MBP) was designed.'** cMBP with
the sequence Lys-Ser-Leu-Ser-Arg-His-Asp-His-Ile-His-His-
His containing Gly-Gly-Gly-Ser-Cys as a linker at the
C-terminus was labeled with Cy5.5-maleimide through the
thiol group of the cysteine residue. The binding affinity of
the Cy5.5-cMBP was in the nanomolar range to US7MG
cells, and the probe displayed high tumor uptake at 24 h
postinjection in a US7MG tumor model.'** In vivo use of a
peptide—NIR dye conjugate consisting of an indotricar-
bocyanie (ITCC) dye and the octreotate has been reported
for tumor imaging.'® The octreotate (D-Phe-c(Cys-D-Trp-
Lys-Thr-Cys)-Thr) labeled at the N-terminus with ITCC and
ITCC-octreotate showed strong receptor binding and cellular
retention properties in RIN38 rat insulinoma cells overex-
pressing SSTr-2. When used in mice bearing RIN38/SSTr-2
tumors, the probe provided 3-fold higher fluorescence in the
tumor than in the muscle after intravenous injection. Libraries
of SST peptide—dye conjugates differing in core peptide
backbone cyclic structure, length of alkyl linker, and fluo-
rophore moiety were prepared and tested in SSTr-positive
H69 human SCLC tumors and a HT-29 colon cancer

model.'®1%7 Optical probes associated with a bombesin
receptor have been developed by labeling Cypate and Alexa
Fluor 680 to bombesin analogues, such as [Gly-Ser-Gly]-
BBN"'* and [Gly-Gly-Gly]-BBN7"'4, respectively.'6%16
Those probes have demonstrated receptor specific targeting
ability in vitro and in pancreas, prostate, and breast tumor
mice models. Various peptide probes with angiogenesis
specific targets have been developed using NIR fluorophore-
conjugated RGD peptide analogues. Cy5.5 dye conjugated
to the e-amino group of the lysine residue of c(RGDyK) or
c¢(RGDfK) allows delineation of U87MG glioblastoma and
KS167 Kaposi’s sarcoma xenograft with high contrast
(Figure 14).'70!7! In addition, conjugating a presumably
inactive linear hexapeptide, Gly-Arg-Glu-Ser-Pro-Lys, with
a Cypate yields a bioactive ligand, Cyp-GRD, that targets
integrin-positive tumors.!”? Besides imaging of tumors,
Cy5.5-c(RGDyK) allows specific imaging of integrins ex-
pressed on macrophages recruited to vascular lesions and
enables optical imaging of macrophage-rich atherosclerotic
plaques in a mouse model of accelerated atherosclerosis.'”
As described in the previous section, di- and tetrameric RGD
peptide analogues, such as Glu-[c(RGDyK)], and Glu-[Gly-
[cyclo(RGDyK)]z],, can also be labeled with NIR fluoro-
phores, including Cy5.5 and Cy7, and demonstrate increased
receptor binding affinity and imaging efficacy compared to
the case of the monomeric compound.!”!”> Furthermore, a
new type of Cy5 conjugated tetrameric molecule has been
prepared by grafting four copies of c(RGDfK) molecules onto
a cyclic decapeptide platform designated the regioselectively
addressable functionalized template (RAFT).!7® Cy5-RAFT-
¢(RGDfK), has demonstrated higher uptake and prolonged
retention in HEK293(3) tumors in vitro and in vivo.'”
Recently, Cy5.5-labeled integrin-binding knottin peptides—
small (molecular weight approximately 3 kDa) and confor-
mationally constrained peptides that bind to integrins with
high affinity (ICsp, 10—30 nmol L™')—have been developed
and tested in US7MG glioblastoma xenograft models.'”®

Fluorophore-labeled homing peptides selected from phage
display have been successfully applied for in vivo optical
imaging. Imaging of phosphatidylserine (PS) exposure is an
extensively used molecular marker in noninvasive apoptosis
imaging.'” A PS-recognizing peptide, Cys-Leu-Ser-Tyr-Tyr-
Pro-Ser-Tyr-Cys, was identified by phage display, and its
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binding of fluorescein-labeled peptide to apoptotic versus
normal cells was assessed in vitro and in H460 cell-bearing
tumor mice.'® Similarly, peptides that display sequences such
as Cys-Leu-Trp-Thr-Val-Gly-Gly-Gly-Cys and Cys-Leu-Glu-
Val-Ser-Arg-Lys-Asn-Cys have been successfully applied for
imaging of atherosclerotic plaques in low-density lipoprotein
receptor-deficient mice and apoptosis in a rat model of focal
cerebral ischemia.'®"'82 Furthermore, a clinical trial of phage-
selected peptide was reported using optical imaging tech-
niques such as fluorescence endoscopy. A human colonic-
adenoma-specific peptide, Val-Arg-Pro-Met-Pro-Leu-Gln,
was screened, labeled with fluorescein, and successfully used
for the detection and imaging of colonic dysplasia in humans
by using a fluorescence confocal microendoscope.'s? A
phage-display-selected cyclic peptide containing the His-Try-
Gly-Phe motif was used to identify stable and potent MMP
inhibitor peptide for NIR imaging applications. Cy5.5-C6,
Cy5.5-c(Lys-Ala-His-Trp-Gly-Phe-Thr-Leu-Asp)-NH,, was
selectively taken up by MMP-2 expressing U87 cells in vitro
and was visualized in mice with prostate PC-3 tumors.'%*
The use of the phage display technique is a powerful method
for identifying affinity peptides for various applications.
However, in vivo validation of in wvitro hits remains a
challenge. A high-throughput method for identifying and
optimizing peptide ligands to map and image biological
targets of interest in wvivo has been developed, using
fluorophore-labeled phage clones as in vivo imaging
probes.'®> Novel phages with high affinity for osteonectin
and vascular cell adhesion molecule-1 (VCAM-1), Ser-Pro-
Pro-Thr-Gly-Ile-Asn, and Cys-Val-His-Ser-Pro-Asn-Lys-Lys-
Cys have been identified and labeled with NIR fluorophores
for a model target of invasive cancer and inflammatory
endothelium, respectively.'®> Each fluorophore-labeled phage
clone demonstrates excellent in vivo targeting abilities in
tumors and VCAM-1 expressing vessels, suggesting that they
can be used as a platform for the development of imaging
agents. Similarly, phage clones displaying the peptide
sequence Ile-Ala-Gly-Leu-Ala-Thr-Pro-Gly-Trp-Ser-His-Trp-
Leu-Ala-Leu have been identified and labeled with Alexa
Fluor 680 and shown to bind and target PC-3 prostate
carcinomas in a mouse model.!3® Targeting peptide ligands
selected by OBOC combinatory chemistry and high-
throughput on-bead cell binding assays were labeled with
Cy5.5 and applied to in vivo tumor imaging.'®”"'®¥ Through
screening of OBOC peptide libraries against live MDA-MB-
231 cells, a series of cyclic peptide ligands were identified,
and their targeting efficiency to breast tumors in mouse was
confirmed by in vivo NIR imaging. Because optical imaging
is highly sensitive and able to detect picomolar to nanomolar
concentrations of fluorophores, the approach of imaging by
receptor-specific peptides could be successfully adopted by
replacing the radionuclide with a fluorophore. It is well-suited
for in vivo high-throughput screening studies and represents
a potential alternative to nuclear imaging studies in the
preclinical setting.

4.3. Fluorophore-Quenched Activatable Peptide
Probes

Until recently, the majority of peptide-based activatable
probes targeted proteases. Various types of activatable probes
targeting a wide range of proteases and protease-associated
diseases, including cancer, inflammation, vascular disease,
and infectious disease have been developed.”!8%!%° Many
activatable strategies utilize peptide chemistry to image
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protease activities in vivo. The simplest form of this peptide-
based probe connects the NIR fluorophore and quencher with
a protease-specific peptide spacer. A dual-labeled matrix
metalloproteinase (MMP)-activatable probe was designed for
potential use in imaging MMP-7 activities in tumors. The
probe was synthesized by labeling Cy5.5 and NIRQ820
quencher to the MMP-7 substrate with a sequence of
NIRQ820-Gly-Val-Pro-Leu-Ser-Leu-Thr-Met-Gly-Cys(Cy5.5)-
Asp."! Upon in vitro activation of this probe by MMP-7, a
7-fold increase in fluorescence was observed. Another
example of a fluorophore—quencher pair involves the use
of dark quencher.'"'> A dark-quenched, MMP-activatable
peptide probe has been reported to image overexpressed
MMP-13 in an osteoarthritis (OA) model.'** The fluorogenic
peptide was prepared by a combination of Cy5.5 dye, MMP-
13 specific peptide substrate, and the black hole quencher-3
(BHQ-3) (Figure 15). Incubation of the probe, Cy5.5-Gly-
Pro-Leu-Gly-Met-Arg-Gly-Leu-Gly-Lys(BHQ-3), with MMP-
13 resulted in approximately a 30-fold increase in the NIR
fluorescence signals, and the signal could be inhibited in the
presence of MMP-13 inhibitor. Optical images in a rat model
demonstrated that this probe can monitor and analyze the
early and late stages of OA by imaging MMP-13 activities
in vivo.'”> Peptide probes have been reported that are
selectively activated by enzymes and transported into the
cells only after cell-specific activation based on the concept
of an activatable cell-penetrating peptide (ACPP) system.'+1%
The ACPP is composed of a fluorophore-polycationic peptide
(CPP, i.e. oligo(arginine)s) and a quencher-polyanionic
peptide (polyanion, i.e. oligo(glutamic acid)s). These two
strands are fused to a peptide sequence via various MMP-
cleavable linkers, including Pro-Leu-Gly-Leu-Arg-Gly.'%
This probe utilizes polycation/polyanion complexation to
neutralize the charge of the CPP, thus inhibiting the cell-
penetrating capabilities of the probe. Subsequent cleavage
of the peptide linker by enzyme will dissociate the inhibitory
polyanions, thereby allowing the fluoresce-activated CPP to
enter the cells. These probes have been used successfully to
identify MMP-2/9-positive tumors in vivo with a 3-fold
increased fluorescence signal.

Apoptosis is a programmed cell death process in multi-
cellular organisms that plays key roles in the pathogenesis
of many disorders, including autoimmune and neurodegen-
erative disorders, and cardiovascular disease, as well as in
tumor responses to chemotherapy or radiotherapy.196 Because
most anticancer therapies initiate apoptosis, imaging the
progression of apoptosis could assist the clinical monitoring
of apoptosis-related drug efficacy. A number of recent
advances in optical imaging have enabled real-time imaging
of apoptosis by monitoring specific apoptosis signaling
molecules, such as caspases. Caspases are crucial mediators
of apoptosis and thereby represent obvious targets for
apoptosis imaging.'®” To image apoptosis in vitro and in vivo,
a cell-permeable and caspase-activatable NIR probe, TcapQ,
has been reported.'”®!* To allow cell penetration, TcapQ
pairs a membrane-penetration peptide, Lys-Lys-Lys-Arg-Lys-
Val, with a caspase recognition peptide substrate, Asp-Glu-
Val-Asp. Addition of the fluorophore—quencher pair, Alexa
Fluor 647 and QSY 21, will strongly quench the cleavable
caspase-specific substrate. An in vitro enzyme assay has
demonstrated that TcapQ is efficiently cleaved by caspase-3
and caspase-7. Incorporation of the activatable strategy onto
the cell-permeable caspase substrate has resulted in amplified
fluorescence signals in apoptotic cells in vitro and in a rat
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Figure 15. (A) Structure of MMP-13 activatable peptide-based probe, Cy5.5-GPLGGMRGLGK(BHQ-3)-NH,. (B) NIR fluorescence image
of the probe in various concentrations of MMP-13 after a 40 min incubation at 37 °C. In vivo imaging of up-regulated MMP-13 in normal,
six and eight week OA-induced cartilages 1 h after intracartilage-injection of the probe: (left) NIR fluorescence reflectance imaging of
normal and OA cartilage after local injection of the probe; (right) histological evaluation of normal, six and eight week OA joints by
Safranin-O staining. Arrows: dotted line (normal) and solid line (OA). Modified with permission from ref 193. Copyright 2009 American

Chemical Society.

model of glaucoma.'”®!% Other caspase-3 activatable peptide
probes have been designed using NIR dye—dye pairs, in
which heptamethine carbocyanine dyes, cypate, and Me,N-
cypate are linked via the caspase-3 substrate Ac-Gly-
Lys(Me,N-cypate)-Asp-Glu-Val-Asp-Ala-Pro-Lys(cy-
bate).?®® The probe has shown a nearly 2-fold increase in
NIR fluorescence signal in paclitaxel-treated apoptotic A549
tumor cells and in caspase-3 rich tissues in a mouse model.
As an alternative to using quenched peptide probes that
become fluorescent after cleavage of the peptide by proteases,
quenched activity-based probes (qQABPs), which become
fluorescent only after labeling by active proteases, have been
developed.?”! This probe contains a Cy5 and QSY21
quencher in close proximity via peptide acyloxymethylke-
tones analogues that are quenched in their native state. When
gABPs encounter the target enzyme, the probe binds to the
enzyme and activity-dependent covalent modification releases
the quencher, causing the probe to produce strong fluores-
cence. These cell-permeable qABP platforms have been
successfully applied to labeling and imaging various pro-
teases in living cells, and after intravenous injection, they
have demonstrated their potential for real-time, whole-body
imaging of capthepsin and caspase-3 activity in mice bearing
grafted tumors.20'-203

Recent polymer chemistry has generated a significant
number of biocompatible polymers, including poly(amino
acids), dendrimers, and branched, graft, and block copoly-
mers. Generally, polymer-based imaging probes have a
number of enriched functional groups, which are ideal for
efficient modification with imaging agents, prolonged plasma
half-lives, improved stability, and targeting.?* A poly-L-
lysine-associated peptide imaging probe has been developed
for MMP imaging.?% This probe consists of multiple Cy5.5
fluorophores conjugated to a methoxy polyethylene glycol

grafted poly-L-lysine backbone via a MMP-cleavable peptide
linker Gly-Pro-Leu-Gly-Val-Arg-Gly. Cy5.5-peptide attaches
to the polymer backbone closely enough to permit FRET
induced by NIR dye—dye self-quenching. The probe can be
activated by MMPs in vitro and in disease models of cancer
and inflammatory disease.?’2% Another self-quenched pep-
tide probe was designed based on a tetravalent, branched
lysine core, where the dendritic arms that extend from the
core incorporate a dipeptide, Lue-Arg, as the substrate for
the targeted protease, cathepsin S.2” The four N-termini of
the peptide are attached to the NIR fluorophore, CyTE-777
(emission 812 nm),?'? via different lengths of PEG linkers
(4, 8, and 12 ethylene oxide units, respectively). Upon
proteolytic activation with cathepsin S, the probe displays
in excess of a 70-fold increase in fluorescence emission. A
dendrimer has also been used as the polymer backbone. A
Cy5.5 fluorophore was conjugated to a PEGylated polya-
midoamine (PAMAM)-generation 4 dendrimer core via the
MMP-7 cleavable peptide, Arg-Pro-Leu-Ala-Leu-Trp-Arg-
Ser.?!! When the probe was intravenously injected into an
MMP-7-positive tumor-bearing mouse, 2.2-fold higher fluo-
rescence was observed than in a contralateral control tumor.
Activatable peptide imaging probes with highly efficient
quenching and low background noise can be used to
overcome the limited optical resolution and low specificity
of conventional optical imaging probes. The unique proper-
ties and applications of the various activatable imaging
probes designed by combining fluorophores and materials,
such as small molecules, polymers, and novel metals, have
been summarized elsewhere.”8%:190

Optical imaging techniques have become essential tools
for small animal imaging and have already made a substantial
impact on basic research, drug discovery and development,
and preclinical studies. Furthermore, clinical adoption of
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Figure 16. Nanoparticle-labeling of peptides.

optical imaging is currently underway in the fields of breast
and endoscopic imaging, and its applications are expected
to expand significantly. There is a clear need, however, for
safe, specific, and reliable optical imaging probes. This will
be facilitated by the recent development of peptide-based
optical imaging probes.

5. Nanoplatform-Based Peptide Probes for
Molecular Imaging

The combination of modern nanotechnology and molecular
imaging science has yielded new strategies for designing
nanoplatform-based imaging probes that efficiently detect and
recognize disease-associated biomolecules.? The most well-
investigated nanomaterials include magnetic iron oxide
nanoparticles (IONPs) for MRI, quantum dots (QDs) for
optical imaging, polymeric nanoparticles, and carbon nano-
tubes. The attractiveness of such marriages arises from the
unique size scale and physical properties provided by the
nanomaterials, which afford unprecedented probe—biomolecule
interactions and allow visualization of biological events at
subcellular or molecular levels.? Besides the physical proper-
ties, nanoparticles also afford a large surface area that allows
docking of one or even multiple types of functional groups.
Such multiple-peptide docking could lead to a much im-
proved binding profile via a so-called polyvalent effect.>'>?!3
Also, successful demonstrations have been made of integrat-
ing different imaging modalities into a single nanoplatform
to achieve comprehensive lesion characterization.?'?2!* Pro-
spectively, the nanoplatforms may provide an all-in-one
solution that combines versatile targeting ligands, imaging
probes, and therapeutic drugs, and allows simultaneous
diagnosis, drug delivery, and monitoring of therapeutic
response. In the next section, we will introduce various
emerging approaches enveloped by the term ‘“nanoparticle-
labeled peptide probes” for in vivo imaging. There are many
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other nanomaterials that are under intensive studies for in
vitro or cellular imaging that are beyond the scope of this
review article.

5.1. Nanoparticle-Labeling Strategies

Due to the differences among the nature of particle
surfaces, nanoparticle coating strategies vary accordingly.
A broad range of materials, ranging from synthetic polymers,
such as poly(vinylpyrrolidone) (PVP), to poly(lactic-co-
glycolic acid) (PLGA), to poly(ethyleneglycol) (PEG), to
natural macromolecules, such as oligonucleotide, polysac-
charides, peptides, and proteins, have been investigated as
particle coating materials.?!>22* However, despite the com-
plexity of these strategies for coating nanoparticles, the
purpose of particle surface decoration is always to yield
nanoplatforms with high stability and facile docking sites
for functional molecules. In most cases, this refers to the
presence of multiple carboxyls/amines/thiols on the particle
surface, which facilitates the linkage between particle and
peptide, independent of the cores (Figure 16). For example,
regardless of the core materials, the coupling between
carboxylated nanoparticles and peptides is predominantly
achieved by forming amide bonds between particle carboxyls
and amines from either lysine side chain or N-termini amino
acid. Most such reactions are conducted in buffer solution
at low temperature (4 °C to room temperature) using EDC/
NHS as catalysts. The linkage can be achieved in a single
step, where all the reactants and catalysts are added at the
same time. A more common strategy, however, is a two-
step process where the activation step is separated from the
coupling step. Instead of direct coupling, the aminated/
thiolated particle conjugation with peptides is, in most cases,
accomplished with a bifunctional linker, which forms bonds
with complementary moieties. For example, 2,3-dimercap-
tosuccinic acid (DMSA)-coated IONPs, which have a thi-
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olated surface, can be coupled with peptides/antibodies in a
two-step procedure via the mediation of sulfosuccinimidyl
4-[N-maleimidomethyl]cyclohexane-1-carboxylate (sulfo-
SMCC).??1-223 Also, bis[sulfosuccinimidyl] suberate (BS3)
or its analogues can be utilized to link aminated quantum
dots and peptides, by forming amide bonds with both sides.
However, in the latter case, there is a high risk of cross-
linking that may occur among the peptides/particles. To avoid
this, one moiety is prethiolated, after which the coupling can
be treated as a thiol—amine coupling. For instance, c((RGDyK)
treated with S-acetylthioglycolic acid N-hydroxysuccinimide
ester (SATA), followed by thiol deprotection with hydroxyl-
amine under neutral conditions, yields the thiolated RGD
peptide c(RGDy(e-acetylthiol)K). Subsequently, these peptides
are coupled onto amine-QDs with a heterobifunctional linker,
4-maleimidobutyric acid N-hydroxysuccinimide ester, which
contains a maleimide group and an ester group that are reactive
toward thiol and amine, respectively.??*

Currently utilized nanoparticles are in the range of 10—100
nm. Compared with peptide probes that are less than a few
nanometers, these particles are more difficult to extravasate
and diffuse in to the tumor interstitial space. This may explain
the overwhelming number of studies on nanoprobes targeting
markers such as integrin a,33 on vasculature. Also, conjuga-
tion with nanoparticles may dramatically change the biodis-
tribution of the parent peptides. While peptides are mainly
cleared through renal secretion, most nanoparticles end up
being trapped in the liver, spleen, and even lung by
reticuloendothelial system (RES) uptake. A common solution
is to couple antifouling agents, such as PEG, onto nanopar-
ticles to extend their circulation half-life and to facilitate
target organ/tissue uptake. A number of targeting and
imaging moieties conjugated on a single nanomaterial will
demonstrate improved specificity and amplified imaging
signals at the target region. Peptides and peptide hormones
can be engineered to nanoplatforms for targeted delivery of
imaging agents to enhance targeting efficacy, plasma half-
lives, and stability, and to reduce nonspecific binding. There
has been significant advancement in the field of nanoplat-
form-based probes, and several comprehensive review ar-
ticles have summarized and discussed their application, 2830151
In the next section, we discuss nanoplatform-based probes
for in vivo imaging that have been generated by peptide-
based approaches.

5.2. Iron Oxide Nanoparticle-Peptide Probes

The term iron oxide usually refers to maghemite and
magnetite (Fe,Os, Fe;O,4), which are strong magnetic materi-
als (92 emu g~ for magnetite and 78 emu g~' for maghemite
at 300 K),?!” and they are generally regarded as biocompat-
ible and biodegradable.?!> When made in nanoscale, these
IONPs become superparamagnetic, i.e., a state of possessing
zero magnetic moment when no external magnetic field is
present. With the presence of an external magnetic field, such
as in a MRI system, these small magnets are readily
magnetized, turning into sensitive probes that attenuate the
local signals on a T2 or T2* weighted map.?** These features
have made them a major class of contrast agents in MRI,
which compensate the intrinsic low sensitivity of the
latter.?8215225:226 Dye to their superior magnetic property, ease
of modification, and biocompatibility, IONPs are one of the
most studied nanoparticles in the field of molecular imaging,
and several IONP formulations have been approved by the
FDA for MRI and are widely used in clinics.?® Recently,
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IONPs have been used extensively to label and track the
migration of cells, including stem cells, immune cells, and
many other cell types, in numerous models.??’” Conventional
IONP formulations rely on nonspecific passive targeting in
vivo, and it is difficult to deliver a sufficient dose of such
imaging agents to a target region (e.g., tumor). To overcome
this limitation, a number of targeting molecules, including
peptides, have been used to modify the surface of IONPs
and allow the targeting of specific tissues in vivo. IONPs
targeting and imaging integrins that are expressed in tumors
cells have been developed.??® RGD peptide analogues, [Gly-
Ser-Ser-Lys(FITC)-Gly-Gly-Gly]-c(RGD), have been chemi-
cally conjugated to the primary amines on amino cross-linked
iron oxide (CLIO) nanoparticles using disuccinimidyl suber-
imidate. The NPs demonstrate integrin-mediated cellular
uptake in BT-20 tumor cells in vitro and localize in BT-20
tumors in vivo. In another example, c(RGDyK) peptide was
conjugated to 4-methylcatechol (MC)-coated ultrasmall
IONPs (4.5 nm) via a Mannich reaction.?” The resulting
¢(RGDyK)-MC-IONPs have an overall diameter of 8.4 nm
and are stable under physiological conditions. The NPs have
shown 5-fold higher cellular uptake in integrin-positive
US7MG cells compared to integrin-negative cells and ac-
cumulate preferentially in tumors when intravenously ad-
ministered in an U§7MG tumor-bearing mice model. Chlo-
rotoxin (CTX), a 36-amino acid peptide that has a strong
affinity for tumors of neuroectodermal origin,?**?3! has also
been introduced into nanoparticles. The nanoparticles com-
prised IONP-coated with PEG or PEG-grafted chitosan
copolymer, to which CTX was conjugated.>*>?3* The probes
showed higher internalization and localization properties in
mice bearing 9 L xenograft tumors and in transgenic ND2:
SmoA1l mice, respectively. The specificities of luteinizing
hormone-releasing hormone (LHRH)-bound IONPs were
tested in human breast cancer cells in vitro and in a xenograft
model.>** LHRH is a decapeptide comprised of naturally
occurring amino acids, Glu-His-Trp-Ser-Tyr-Leu-Arg-Pro-
Gly-NH,, and over 50% of human breast cancers express
receptor binding sites for LHRH.?

MRI provides three-dimensional tomographic images and
higher spatial resolution; however, a limitation of MRI is
the inherently low sensitivity of the scanner. In order to
combine the benefits of MRI with those of other imaging
modalities, including PET and optical imaging, growing
attention has focused on the development of dual-imaging
probes.® Such probes are designed to combine the high spatial
and temporal resolution and tissue penetration of MRI with
the high sensitivity of PET and the optical imaging methods.
An RGD-peptide-based MRI/PET probe has been developed
by conjugation of **Cu-DOTA and ¢(RGDyK) on the surface
of polyaspartic acid-coated IONPs (Figure 17).2'> When
administered intravenously in U87MG tumor-bearing mice,
both PET and MRI have demonstrated integrin-specific
delivery by nanoparticles. Nanoparticles for MRI and optical
imaging have also been frequently studied. A tumor-specific
contrast agent targeting the underglycosylated mucin-1
antigen (uMUC-1) tumor antigen has been reported for the
application of MRI/optical dual-imaging.?** uMUC-1 pro-
vides a unique advantage for imaging and monitoring the
therapeutic response of breast cancer, because it is found on
more than 90% of breast cancers and is predictive of the
chemotherapeutic response.??” The probe consists of [ONPs
for MRI, modified with Cy5.5 for optical imaging, and
conjugated to the uMCU-1-targeting peptide, EPPT (Cys-
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Figure 17. (A) Schematic diagram of the %*Cu-DOTA-IONPs-
c¢(RGDyK) probe for PETG and MRI imaging. (B) microPET image
of a US7MG tumor-bearing mouse at 4 h after intravenous injection
of the probe. T2-weighted MR images of mice (the arrow indicates
the tumor) (C) before and (D) 4 h after intravenous injection of the
probe. Modified with permission from ref 212. Copyright 2008 the
Society of Nuclear Medicine, Inc.

AHA-Ala-Arg-Glu-Pro-Pro-Thr-Arg-Thr-Phe-Ala-Tyr-Trp-
Gly-Lys(FITC)). The probe shows specificity for uMUC-1
in vitro, and the dependence of tumor-specific accumulation
on the expression of uMUC-1 in a uMUC-1-positive BT-20
tumor-bearing mice model has been confirmed by both MRI
and optical imaging. Similarly, different peptide-based
IONPs, such as ¢(RGDyK), the amino-terminal fragment of
the peptide of urokinase-type plasminogn activator (uPA),
and CTX conjugated IONPs, are simply labeled NIR
fluorophores that have been tested in vivo for their dual-
imaging abilities.?*3?3%2% All the nanoparticles have the
potential to be molecularly targeted and to serve as dual-
modality imaging probes for in vivo applications. Besides
peptide-conjugated IONPs, the recent development of various
IONP-based platforms for imaging and therapy has been
described and reviewed elsewhere.®2!3240

5.3. Quantum-Dot-Labeled Peptide Probes

QDs are made from semiconductor materials a few
nanometers in diameter. Interest in the use of QDs for
bioapplications arises from their unique optical properties,
including photostability, broad absorption cross sections,
wide absorption spectra, and narrow emission spectra.?!
Many efforts to employ QDs as replacements for currently
utilized organic dyes have been made.!>!2242422%3 For particle
preparation, pyrolysis based synthesis permits precise control
over many optical aspects of QD characteristics by accurately
tuning their size and composition. For instance, CdSe QDs
with various sizes have emission spectra that can span most
of the visible region, while the CdS and ZnSe QDs have
emission spectra in the blue and near-ultraviolet regions.?*
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However, the application of these particles in living subjects
may encounter problems of limited tissue penetration depth
and high background. To address this issue, formulas, which
include InP-, InAs-, and Cu-doped InP, with emission in the
NIR range are under intensive study.?*>* Another motive
for having such transitions is to avoid the utilization of some
extremely toxic metals, such as Cd, Pb, and Hg. Although
In, Cu, and As are also toxic, generally, the human body
has better tolerance of those metals.** Several biocompatible
QDs have been applied for labeling cells and long-term
multicolor cell imaging.?® A variety of targeting peptides
have been explored to label QDs for better targeting and
specificity. For example, a cellular nuclear localizing se-
quence (NLS) (Pro-Pro-Lys-Lys-Lys-Arg-Lys-Val),! cell-
penetrating Tat peptides (Arg-Arg-Arg-Gln-Arg-Arg-Lys-
Lys-Arg-Gly-Tyr),?>? neuropeptide AST1 (Ala-Pro-Ser-Gly-
Ala-GIn-Arg-Leu-Tyr-Gly-Phe-Gly-Leu-NH,),>* and neurotoxins
such as CTX and dendrotoxin-12°* have been successfully
labeled on QDs and have provided improved stability and
targetability. However, so far, their use has been limited to
in vitro. Most of the in vivo applications have been by
nontargeted QDs, for instance, in vivo cell trafficking,
vasculature imaging, sentinel lymph node mapping, and
neural imaging.? Molecularly targeted imaging applications
of QDs are limited mainly by their size, short half-lives,
surface charge, surface functionality, and toxicity.>>> There
are very few reports in the literature of peptide-associated
QDs with successful in vivo applications. For the first time,
surfaces of QDs were decorated by peptides with affinity
for tumor vasculatures, such as GFE (Cys-Gly-Phe-Glu-Cys-
Val-Arg-GIn-Cys-Pro-Glu-Arg-Cys, which binds to mem-
brane dipeptidase on the endothelia cells in lung blood
vessels), F3 (Lys-Asp-Glu-Pro-Gln-Arg-Arg-Ser-Ala-Arg-
Leu-Ser-Ala-Lys-Pro-Ala-Pro-Pro-Lys-Pro-Glu-Pro-Lys-Pro-
Lys-Lys-Ala-Pro-Ala-Lys-Lys, which binds to blood vessels
and tumor cells in various tumors), and LyP-1 (Cys-Gly-
Asn-Lys-Arg-Thr-Arg-Gly-Cys, which recognizes lymphatic
vessels and tumor cells in certain tumors).?>® Each peptide-
conjugated QD revealed tumor specificity in in vitro histol-
ogy. However, the QD probes were not detected in living
animals. Successful in vivo targeted imaging of tumor
vasculature has been achieved by conjugating RGD peptide
analogues to poly(ethylene glycol) coated QD705 (Figure
18).224%57 Conjugation of thiolated RGD peptide to PEG-
coated QDs was achieved through a heterobifunctional linker,
4-maleimidobutyric acid N-hydroxysuccinimide ester. A
competitive cell binding assay showed that QD-peptide
conjugates retain specificity to integrin receptor, and in vivo
imaging of tumor has been successfully achieved in a
U87MG xenograft model. In addition, this probe was further
developed as a dual-modality probe for both PET and optical
imaging by conjugating [**Cu-DOTA] on the surface of the
QD-peptide.?® A similar strategy has been applied to develop
cyclic Asn-Gly-Arg (cNGR) analogue-conjugated paramag-
netic QDs (pQDs) for in vivo imaging of tumor angiogenic
activity.?>* The probe was prepared by noncovalent
conjugation of two different biotinylated peptide and DTPA
analogues, Ac-c(NGR)-Gly-Gly-Lys(biotin)-NH, and bioti-
nylated poly-L-lysine-DTPA, with streptavidin-coated PEG-
conjugated QDs. Subsequently constructed cNGR-pQDs
allowed in vivo quantification and accurate localization of
angiogenic activity in an LS1747 colorectal adenocarcinoma
mouse model.”® More recently, zwitterionic QDs with an
overall diameter of 5.5 nm have been coupled with RGD.
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Figure 18. (A) Schematic diagram of QD705-RGD. (B) Staining of live U§7MG cells with QD705-RGD (left) and QD705 (right). (C) In
vivo NIR fluorescence imaging of US§7MG tumor-bearing mice at 6 h after intravenous injection of QD705-RGD (left) or QD705 (right).
Arrows indicate tumors. Modified with permission from ref 224. Copyright 2009 American Chemical Society.

Those particles demonstrated good tumor targeting and,
owing to their extremely compact size, showed renal
clearance within 4 h postinjection. The results of this study
suggest that targeted nanoparticles, if properly designed, can
be eliminated through renal clearance.?®!

QDs have fulfilled their promise as a new class of probes
for molecular imaging, while the exploration of peptide
conjugates for in vivo targeting is still at an early stage. QDs
modified with other macromolecules, including antibodies,
antigens, aptamers, and targeting proteins for in vivo uses,
have been reported and have been reviewed elsewhere.?>>262263

5.4. Other Nanomaterial-Labeled Peptide Probes

Recently, a number of molecular imaging applications
have been proposed that are based on the unique Raman
signatures and photoacoustic properties of carbon nanotubes.
Development of Raman spectroscopy could potentially solve
the common issues encountered in optical imaging, including
background autofluoresence, limited tissue penetration depth,
and photobleaching. Moreover, compared with fluorescence
optical imaging, which has a limited number of wavelengths
in the NIR region, Raman spectroscopy can differentiate the
spectral fingerprint of many molecules and, therefore,
encourages multiplexing imaging.?** The surface of single-
walled carbon nanotubes (SWNTSs) were coated with phos-
pholipids bearing PEG linked c(RGD) peptides, and the in
vivo biodistribution and tumor targeting of the SWNTs were
investigated.?®>2%¢ Effectively, PEGylated SWNTs were
stable in serum and demonstrated desirable pharmacokinetics
in vivo. Highly efficient targeting of integrin-positive US7TMG
tumors in mice has been achieved by the multivalent effect
of decorated c(RGD) peptide and confirmed by Raman and
PET imaging. Photoacoustic imaging provides optical con-
trast with improved spatial resolution and tissue penetration
compared to purely optical imaging techniques. Besides the
Raman characteristics, SWNTs have proven capable of
producing very strong photoacoustic signals in a dose-
dependent manner. Therefore, SWNT-c(RGD) was also
applied in in vivo photoacoustic and Raman imaging, and it

demonstrated an 8-fold higher tumor specificity in the tumor
compared with mice injected with plain SWNT (Figure
19)'267

Recent advances in biocompatible polymer chemistry have
provided a number of different polymer structures, such as
dendrimers and branched, amphiphilic, graft, and block
copolymers, and all of these unique platforms have been
associated with targeting peptides and investigated as imag-
ing probes.*® The phage-selected atherosclerotic plaque-
selective peptide with the sequence Cys-Arg-Lys-Arg-Leu-
Asp-Arg-Asn-Cys (AP) has been associated with self-
assembled polymeric nanoparticles for atherosclerotic lesion
optical imaging.?®® AP binds to atherosclerotic plaque in vivo
through interleukin (IL)-4 receptors on endothelial cells,
macrophages, and smooth muscle cells.?®® The peptide was
chemically conjugated on the surface of Cy5.5 fluorophore-
labeled hydrophobically modified glycol chitosan (HGC)
nanoparticles (diameter 250 nm) by thiol-maleimide reaction.
AP-conjugated HGCs bound avidly to IL-4 receptors and
demonstrated improved specificity to atherosclerotic lesions
in an Ldlr—/— atherosclerotic mouse model compared to
binding in a normal mouse.?®® Other examples of polymeric
nanoparticles are surface-localized tumor vasculature target-
ing F3 peptides and encapsulated imaging agents.?’® The core
of the polymeric nanoparticle was synthesized from poly-
acrylamide, which was embedded with drug and/or imaging
agents such as IONPs and fluorophores. PEG linker and a
targeting peptide, F3, were attached to target these nano-
particles to cancer cells. Peptide labeled on the nanoparticles
(40 nm) successfully targeted receptors on MDA-MB-435
cells in vitro, and serial MRI confirmed its tumor specificity
in rat 9 L gliomas following intravenous injection. A
biodegradable positron-emitting dendritic nanoprobe was
developed for angiogenesis imaging using the RGD motif
as a peptide ligand.”’”! A biodegradable heterobifunctional
dendritic core, tyrosine-conjugated pentaerythritol, was syn-
thesized and functionalized with heterobifunctional PEG
chains. Cyclic RGD peptides were conjugated at the terminal
ends of the PEG chains, and tyrosine group moieties were
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Figure 19. (A) Schematic d iagrams of single-walled carbon nanotubes (plain SWNT) and SWNT-RGD. (B) Photographs of the tumors
in mice and the corresponding photoacoustic subtraction images (green) shown as horizontal slices through the tumors. After the photoacoustic
scan, the tumors were excised and scanned using a Raman microscope (red). Modified with permission from ref 267. Copyright 2008
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Figure 20. (A) Schematic diagrams of MMPs’ activatable polymeric nanoparticle-based probe. (B) Structures of the probe. (C) In vivo
NIR fluorescence images of subcutaneous MMP-positive SCC7 tumor-bearing mice after intravenous injection of the probe with or without
the MMP inhibitor. Only tumors injected with the probe without inhibitor were clearly visualized. (D) Upper: photo image of colon tumors
from an A/J mouse treated with azoxymethane (AOM). Lower: NIR fluorescence image of MMP-positive colon tumors after intravenous

injection of the probe.

radiolabeled with 7°Br. The dendritic nanoprobe showed a
50-fold enhanced receptor binding affinity with respect to
the monovalent RGD peptide in vitro and revealed highly
specific accumulation of "*Br-labeled dendritic nanoparobes
in muscles undergoing angiogenesis in a hindlimb ischemia
mouse model for angiogenesis. Recently, a new protease
activatable strategy has been designed by a combination of
a polymeric nanoparticle platform and activatable dark-
quenched peptide (Figure 20).2’> The probe consists of
strongly quenched MMP-specific NIR activatable peptide
probes (Cy5.5-Gly-Pro-Leu-Gly-Val-Arg-Gly-Lys(BHQ-3)-

Gly-Gly) on the surface of tumor-homing polymeric nano-
particles (a self-assembled glycol chitosan-53-cholanic con-
jugates) as a carrier. Chemically labeled activatable peptide
probes on the surface of tumor-homing nanoparticles dem-
onstrated a higher specificity and sensitivity of the probe in
MMP-positive disease models (MMP-positive SCC-7 xe-
nograft tumor and a colon cancer mouse model) compared
to the case of the peptide probe without nanoparticles, since
the nanoparticles can deliver the probe effectively to the
tumor region by the enhanced permeability retention (EPR)
effect,?”® and because the nanoparticles can be strongly dual-
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quenched by both the dye-dark quencher and NIR dye—dye
self-quenching mechanisms.

Superior and unique characteristics of inorganic and
polymeric nanoparticles have generally been blunted by low
specificity and low stability under physiological conditions.
Simple decoration of these nanomaterials with targeting
peptides may not overcome many of the current limitations.
However, nanoparticles can provide researchers with poten-
tial targeting tools. Most of the examples introduced in this
section are associated with well-known RGD peptides.
However, the probe design platforms are flexible and tunable
for a wide array of applications by substituting new peptide
ligands. Most of the studies on peptide—nanoparticle—conju-
gate based imaging probes are still in the proof-of-concept
stage. None of the above-mentioned examples has advanced
into clinical trials. Two of the major concerns, as mentioned
above, are the acute and chronic toxicity of the nanoparticle
materials. Other complications include potential immuno-
genicity and relatively poor batch-to-batch reproducibility
of the nanomaterials.

6. Conclusions

The potential for preclinical and clinical applications of
molecular imaging is tremendous. These powerful methods
will offer invaluable opportunities to explore complex
disease-related biological processes at the molecular level
in vivo. The emergence of current molecular imaging
technologies is dependent not only on the progress of imaging
systems but, more importantly, also on the pool of available
molecular imaging probes. Undoubtedly, the specific se-
quences of targeting peptides will play an essential role in
the design of appropriate molecular imaging probes. Peptide-
based imaging has now become an established approach in
nuclear imaging, and its application is expanding to other
imaging modalities.

In this article, we introduced and discussed numerous
peptide-based molecular imaging probes with respect to their
design strategies and applications. Beginning with the success
of octreotide in the clinic, significant research effort has been
made over the past two decades toward the development and
evaluation of novel peptide-based probes. However, many
of the sophisticated probes reported in animal models have
failed to reach clinical reality and are still in the investigative
stage. Significant challenges remain to be overcome that are
largely responsible for the failure of classic peptide-based
probe diagnostics to gain a significant foothold in the clinic.
There is, for example, a need to discover novel synthetic
peptides that are metabolically stable and capable of binding
to a specific receptors’ subtype in vivo. Various peptide-
based probes have demonstrated good tumor uptake; how-
ever, they have frequently shown nonspecific uptake in
normal organs, such as the liver and kidneys. An ideal probe
should have favorable pharmacokinetics, resulting in rapid
target localization and clearance to produce a sufficient
“target-to-background” ratio of imaging signals. Another
important issue is the availability of new techniques for
efficient and reproducible labeling of peptides. Maintaining
the in wvivo integrity of peptides labeled with imaging
moieties, including chelators, short half-life radioisotopes,
and nanoparticles, needs to be guaranteed. Specific structural
modification is also preferred to ensure that the presence of
the imaging moiety has minimal impact on the biological
activity of peptides. Development of optimized peptide-based
probes is fundamentally different from traditional drug
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development. A major challenge is to harmonize many
different factors to develop more sensitive, specific, and
stable peptide-based diagnostics. The development and
application of peptide probes has a long way to go. Despite
these challenges, it is important to keep in mind that
interdisciplinary research at the interface of imaging science,
molecular peptide biology, and nanotechnology can provide
numerous unexplored possibilities and lead to novel probes
that will become valuable preclinical and clinical tools,

ideally in the near future.

7. Abbreviations

Aba 4-aminobutyric acid

Ac acetyl

ACPP activatable cell-penetrating peptide

Ahx 6-aminohexanoic acid

Ava S-aminovaleric acid

a-MSH a-melanocyte stimulating hormone

BBN bombesin

BHQ-3 black hole quencher-3

BODIPY dipyrromethene boron difluoride

BS3 bis[sulfosuccinimidyl] suberate

c cyclo

c¢(RGDfK) cyclo(Arg-Gly-Asp-D-Phe-Lys)

c¢(RGDyK) cyclo(Arg-Gly-Asp-D-Tyr-Lys)

CB-TE2A 4,11-bis(carboxymethyl)-1,4,8,11-tetra-
azabicyclo[6.6.2]hexadecane

CCK cholecystokinin

CCK-2r CCK-2 receptor

CCMSH [Cys**1° p-Phe’]-MSH3 13

cMBP c-Met binding peptide

c-MET mesenchymal-epithelial transition factor

Css disulfide bond between cysteine

CTX chlorotoxin

CXCR4 chemokine receptor

Cy cyanine

Cypate bispropylcarboxymethylinodocyanine

DMSA 2,3-dimercaptosuccinic acid

DOTA 1,4,7,10-tetraazacyclodecane-1,4,7,10-tetraace-
tic acid

DOTA-NOC [DOTA-Nal’]-octreotide

DOTA-TATE [DOTA-p-Phe!,Tyr*]-octreotide

DOTA-TOC  [DOTA-Tyr*]-octreotide

DTPA diethylene triamine pentaacetic acid

EDC 1-ethyl-3-(3-dimethylaminopropyl)

EDTA ethylenediaminetetraacetic acid

eIND emergency investigational new drug

EPR enhanced permeability retention

['8F]JFAZA ['®F]fluoroazomycinarabinofuranoside

['*FIFBEM N-(2-aminoethyl)maleimide

['*FIFDG 2-["8F]fluoro-2-deoxy-D-glucose

[®FIFDGMHO ['8F]FDG-maleimidehexyloxime

['|F]FLT 3'-deoxy-3'-['*F]fluorothymidine

['*F]SFB N-succinimidyl-4-["*F]fluorobenzoate

['8F]SFBS 4-["8F]fluorobenzylamine succinimidyl ester

['*F]SFMB N-succinimidyl-4-(['®F]fluoromethyl)benzoate

['*F]SFMB 3-['®F]fluoro-5-nitrobenzimidate

['*F]SPB 4-['8F]fluorophenacyl bromide

FITC fluorescein isothiocyanate

FPRGD2 NH,-PEG;-Glu-[c(RGDyK)],

FRET fluorescence resonance energy transfer

FRGD2 Glu-[c(RGDyK)],

GIST gastrointestinal stromal tumor

GLP-1 glucagon-like peptide-1

GPCr G-protein-coupled receptor

GRP gastrin-releasing peptide

GRPr GRP receptor

HGC hydrophobically modified glycol chitosan

HYNIC 6-hydrazinopyridine-3-carboxylic acid
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ICG indocyanine green

IONPs iron oxide nanoparticles

ITCC indotricarbocyanie

LHRH luteinizing hormone-releasing hormone

MAG, mercapto Ac-Gly-Gly

MAG; mercapto Ac-Gly-Gly-Gly

MG minigastrin

MMP matrix metalloproteinase

MRI magnetic resonance imaging

MTC medullary thyroid carcinoma

NDP [Met*,p-Phe’]-MSH

NGR Asn-Gly-Arg

NHS N-hydroxysuccinimide

NIR near-infrared

NOTA 2,2'2"-(1,4,7-triazacyclononane-1,4,7-triyl)triace-
tic acid

NPY nueropeptide Y

NT neurotensin

OA osteoarthritis

OBOC one-bead one-copound

OctreoScan [""'In-DTPA]-octreotide

PAMAM polyamidoamine

PDAC pancreatic ductal adenocarcinoma

PEG poly(ethylene glycol)

PET positron emission tomography

PLGA poly(lactic-co-glycolic acid)

pQDs paramagnetic QDs

PS phosphatidylserine

PVP poly(vinylpyrrolidone)

qABPs quenched activity-based probes

QDs quantum dots

QY quantum yield

RAFT regioselectively addressable functionalized tem-
plate

RGD Arg-Gly-Asp

SAA 7-amino-L-glycero-L-galacto-2,6-anhydro-7-deoxy-
heptanoic acid

SATA N-hydroxysuccinimide ester

SCLC small cell lung cancers

SPECT single photon emission computed tomography

SST somatostatin

SSTrs human somatostatin receptors

sulfo-SMCC  sulfosuccinimidyl 4-[N-maleimidomethyl]cyclo-

hexane-1-carboxylate

SWNTs single-walled carbon nanotubes
TAMRA 5-carboxytetramethylrhodamine
TETA triethylenetetramine

uMUC-1 underglycosylated mucin-1 antigen
uPA urokinase-type plasminogn activator
VCAM-1 vascular cell adhesion molecule-1
VIP vasoactive intestinal peptide

€ molar extinction coefficient
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