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RADIOLABELED BIVALENT PEPTIDE LIGANDS FOR
PROSTATE CANCER IMAGING
Zongrun Jiang
Professor Silvia S. Jurisson, Dissertation Advisor
Professor Charles J. Smith, Dissertation Advisor

ABSTRACT
Peptide ligand has been a field of great interest for decades due to its capability of
binding to specific receptors that are over-expressed in human tumors. Currently, the socalled bivalent peptide ligand, a radiotracer that has two types of targeting motifs for two
different biomarkers, has become an active field of research. The synthesis,
characterizations, and in vitro/in vivo biological evaluations of bivalent peptide ligands
are discussed in this dissertation.
One biomarker of great interest is the gastrin-releasing peptide receptor (GRPR)
due to its high expression on prostate cancer. The amphibian peptide, bombesin (BBN), is
well known for its high affinity and specificity to GRPR. The peptide targeting motif for
GRPR are BBN analogues, BBN(7-14)NH2 and RM2, which have strong binding affinity
to GRPR. BBN(7-14)NH2 is an agonist peptide for GRPR. RM2 is an antagonist peptide
for GRPR. The second biomarker of interest is the prostate specific membrane antigen
(PSMA) due to its high expression on prostate cancer and low expression on normal
tissues.

For

this

target,

a

small

molecule,

DUPA

(2-[3-(1,3-Bis-tert-

butoxycarbonylpropyl)-ureido]pentanedioic acid), which is a urea derivative with strong
binding affinity to PSMA, is used as the targeting motif. The third biomarker of interest
XV

is the αVβ3 integrin due to its considerable expression in human prostate cancer and
important role in modulation of cell migration and survival during angiogenesis, which
facilitates invasion of the tumors cells across the blood vessels. The targeting motif used
for the integrin receptor is c(RGDyK) or RGD, a cyclic peptide, which has high binding
affinity to the αVβ3 integrin. The goal of the thesis was to produce, characterize,
radiolabeled with suitable radionuclides (67/68Ga/64Cu), and in vitro/ in vivo evaluate
bivalent ligands that contain two of the targeting motifs.
My first aim was to synthesize and investigate a GRPR/PSMA dual targeting
bivalent ligand. The bivalent ligand conjugate, [DUPA-6-Ahx-(NODAGA)-5-AvaBBN(7-14)NH2], was synthesized, purified by reversed-phase high performance liquid
chromatography (RP-HPLC), confirmed via electrospray ionization mass spectrometry
(ESI-MS), and then metallated with

nat/64

CuCl2. The metallated ligand, [DUPA-6-Ahx-

nat

( Cu-NODAGA)-5-Ava-BBN(7-14)NH2], was evaluated in vitro via competitive
displacement binding assays (IC50 = 11.1 ± 0.46 nM in PC-3 cells, IC50 = 1.16 ± 1.35 nM
in LNCaP cells). MicroPET/CT images of PC-3 tumor-bearing severe combined
immunodeficient (SCID) and LNCaP tumor-bearing athymic nude mice were obtained at
18 h post-injection (p.i.) of [DUPA-6-Ahx-(

nat

Cu-NODAGA)-5-Ava-BBN(7-14)NH2].

The study demonstrated the capability of the bivalent ligand to target both biomarkers.
However, further optimizations of the ligand are warranted for superior pharmacokinetics
in vivo.
My second aim was to synthesize and investigate a GRPR/αvβ3 dual targeting
bivalent ligand. The first bivalent ligand, [RGD-Glu-(NO2A)-6-Ahx-RM2], was
synthesized, purified via RP-HPLC, characterized via ESI-MS, and then metallated with
nat/64

Cu. The

nat

Cu-metallated ligand was evaluated in vitro via competitive displacement

binding assays (IC50 = 3.09 ± 0.34 nM in PC-3 cells, IC50 = 518 ± 37.5 nM in U87-MG
cells). In vivo biodistribution studies of [RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2] were
conducted in normal CF-1 mice and PC-3 tumor-bearing SCID mice. The results showed
high tumor uptake and retention in PC-3 tumor-bearing SCID mice (4.86 ± 1.01 %ID/g at
1 h p.i., 4.26 ± 1.23 %ID/g at 24 h p.i.). High contrast microPET images of the tracer in

XVI

PC-3 tumor-bearing mice were obtained at 4 h p.i., indicating the strong capability of the
tracer to target PC-3 tumor cells in vivo.
The second bivalent ligand for GRPR/αvβ3 dual targeting , [RGD-Glu-(DO3A)6-Ahx-RM2] was synthesized, purified by RP-HPLC, characterized with ESI-MS, and
metallated with

nat/67/68

Ga or

nat/64

Cu. The in vitro investigations of the binding affinities

of the natural-metallated ligands for the GRPR or the αvβ3 integrin were performed via
competitive displacement binding assays in human prostate PC-3 and glioblastoma U87MG cell lines. Following stability investigations via RP-HPLC, the in vivo evaluations of
the Ga67/Cu64-radiolabeled ligands were performed in CF-1 mice and SCID mice bearing
PC-3 tumors. The in vitro studies of the natural-metallated ligands showed high binding
affinities for the GRPR (7.78 ± 2.42, 8.64 ± 2.16 nM; Ga, Cu respectively) and moderate
binding affinity for the αvβ3 integrin receptor (307 ± 0.0, 308 ± 42.6 nM; Ga, Cu
respectively). In vivo biodistribution studies displayed high tumor uptake (7.44 ± 1.09,
10.85 ± 4.02%ID/g at 1 h post-intravenous injection;

67

Ga,

64

Cu respectively) and

prolonged tumor retention (4.89 ± 1.11, 4.09 ± 0.96%ID/g at 24 h post-intravenous
injection;

67

Ga,

64

Cu respectively) in PC-3 tumor-bearing mice. Micro-single photon

emission computed tomography (microSPECT) and micro-positron emission computed
tomography (microPET) molecular imaging studies produced high-quality, high-contrast
images in PC-3 tumor-bearing mice at 18 h post-intravenous injection. Both radiolabeled
ligands shows satisfactory tumor uptake and retention in PC-3 tumor-bearing mice.
However, [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2] demonstrates superior pharmacokinetic
profiles to [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2], presumably due to more favorable in
vivo stability. The comparative studies on [RGD-Glu-(64Cu/67Ga-DO3A)-6-Ahx-RM2]
demonstrated poor in vivo stability of
pharmacokinetics of the

67

64

Cu-labeled DOTA conjugate and favorable

Ga-labeled tracer. As a result, superior in vivo behaviors of

[RGD-Glu-(68Ga-DO3A)-6-Ahx-RM2] are expected for future studies.
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Chapter 1: INTRODUCTION
1.1

RADIOPHARMACEUTICALS
The development of radiopharmaceuticals has greatly changed the way of

diagnosis and the treatment of disease nowadays. With the growing number of novel and
sophisticated radiopharmaceuticals being designed, synthesized, and evaluated, the area
of nuclear medicine has been established as a relatively new field of medicine, which is a
highly interdisciplinary area incorporating chemistry, biology, and pathology.
Radiopharmaceuticals are basically any drug that contains radioactive nuclides whose
nuclear emissions are captured by clinical detection instrumentation for imaging and
therapy of the disease. The drug or ligand with the radionuclide attached composes the
radiopharmaceutical (also termed radioligand), which possesses the property to bind to
certain places of interest in the body. As a result, the radionuclide is delivered and
accumulates where the drug binds in vivo. Determined by the advanced clinical imaging
modalities, the in vivo localization and distribution of the radioisotope delivered into the
patient by the radiopharmaceutical provides the capability of demonstrating important
information related with a specific biological process or the mapping of cancer cells.
Single photon emission computed tomography (SPECT) and positron emission
tomography (PET) are two primary clinical detection modalities that have been largely
utilized to generate three dimensional spatial distribution of radionuclide density in vivo
in combination with computed tomography (CT) in order to specifically investigate either
a biological target or process. SPECT is a nuclear medicine tomographic imaging
technique using gamma cameras to measure gamma rays emitted by the gamma emitting
radionuclide delivered by the radiopharmaceutical into the patient generally through
1

injection into the bloodstream. PET is another important and useful nuclear medicine
tomographic imaging technique using gamma cameras to measure pairs of annihilation
photons emitted indirectly by the positron emitting radionuclide delivered by the
radiopharmaceutical into the patient, generally through injection into the bloodstream. CT
is a computed tomographic technique using combination of many X-ray images taken
from different angles to generate cross-sectional images of places of interest. Threedimensional images of the radioligand concentration within the body can be consequently
determined by SPECT or PET with the aid of a CT X-ray scan performed on the patient
at the same time. It is the effort in research towards exploiting biological targeting
radioligands with new structures in combination with the improvement of imaging
instrumentation that has the potential to push the further development of the field of
nuclear medicine to satisfy the growing needs from patient care with regards to both
diagnosis and therapy.
The history of radiopharmaceutical design in the past decades has been driven by
our increasingly advanced understanding of not only physiological processes, but also the
disease processes at molecular level. The understanding is due to the cellular or subcellular discoveries via flourishing research in biochemistry, pharmacology, immunology,
and molecular biology. The focus of the research in radioligands has been emphasized on
the choice and production of radionuclides, the synthesis and biological studies of the
biomolecules as targeting vectors towards places of interest in vivo, and the development
of

chelation

technologies

or

radiometal

conjugation

techniques.

The

first

radiopharmaceutical applied in clinical nuclear imaging can be traced back to 1925 when
Dr. Hermann Blumgart and Dr. Otto Yens monitored blood flow via injecting 1-6 mCi of
2

bismuth-214 (214Bi), also known as Radium C. In 1936, phosphorous-32 (32P) became the
first nuclear medicine isotope used in therapeutic application by Dr. John Lawrence to
treat leukemia. The focus of nuclear medicine was on whole organ targeting up until the
radioligand, a coordination complex containing a radionuclide, was developed. For
example, technetium-99m labeled DTPA (diethylenetriaminepentaacetic acid) was
developed by W. Eckelman and P. Richards in 1970. In the 1970’s, the receptor-specific
radiopharmaceutical, a radioisotope incorporated molecular targeting vector for receptorspecific uptake, began to receive the greatest amount of attention for research [1]. The
investigations of these radioligands pushed the development of nuclear medicine in tumor
targeting based on specific antigens, receptors, metabolic pathways, and DNA.
This

dissertation

emphasizes

the

imaging

of

cancer

cells

using

radiopharmaceuticals. The general design of a radiotracer capable of selectively binding
to tumor cells is discussed. By utilizing bioactive molecules as targeting vectors or
ligands to bind to the biomarkers that are overexpressed on tumors, most of the dose is
delivered to and retained at tumors while minimizing the radiolysis effect in parallel
normal tissues. One important method of the various ways of coupling the radionuclide to
the targeting vector is using the bifunctional chelate approach (BFCA), where a
bifunctional chelating agent is employed to coordinate the radiometal meanwhile linking
to the targeting motif [2]. Additionally, linkers or spacers are also used to link the
chelator and the targeting motif in order to maintain the biological activity of the
targeting motif via keeping the radionuclide an appropriate distance from the targeting
vector. Furthermore, the hydrophilicity of the tracer can be adjusted by selecting certain
pharmacokinetic modifiers as linkers to optimize the pharmacokinetics of the radioligand
3

[3, 4]. The basic structure of the radiopharmaceutical based on the design mentioned
above is shown in Figure 1.1. The considerations of the construction for each part of this
system involves many factors. First of all, the choice of radionuclide must be focused on
selecting radioisotopes with appropriate nuclear properties for the designed applications,
including the decay mode, emission energies, and the physical half-life. Secondly, the
targeting vector is supposed to be a biomolecule with strong and specific binding affinity
to the targeted receptors or biomarkers expressed on the places of interest such as cancer,
so that the radioactive effects on normal tissues can be minimized. Thirdly, the selection
of the bifunctional chelating agent and the spacer are also a very important aspect with
respect to in vivo stability and pharmacokinetics of the radiotracer. Further considerations
on the design of the radioligand in my research will be discussed in greater detail.

Fig. 1.1: Schematic of the structure and targeting of a site-directed radiopharmaceutical.
4

1.2

DIAGNOSTIC RADIONUCLIDES – COPPER-64 AND GALLIUM-68
The choice of radionuclides used for diagnostic applications of SPECT/CT or

PET/CT is affected by various factors including the means of production, physical halflife, energy of emission, type of energetic emission, and the chemistry required to
incorporate the radioisotope onto the targeting vectors. For diagnostic purposes, nuclides
with penetrating emissions such as gamma (γ) ray emitters or positron (β+) emitters
which can produce pairs of annihilation photons emitted in opposite directions through
electron-positron annihilation. For therapeutic purposes, nuclides with emissions such as
alpha (α) or beta (β-) are preferred to deliver a dose to the lesion [5, 6]. However, the
majority of current radiopharmaceuticals are intended for imaging purposes, especially
for specific targeting of tumor cells when coupled into a biological targeting vector such
as an antibody or a peptide, which can selectively bind to and accumulate at certain
biomarkers expressed on the tumor cells.
Positron emission tomography (PET) is a nuclear imaging technique that features
the opportunity of quantifying the tracer uptake with high sensitivity and a resolution
superior to SPECT (single photon emission tomography). A radiopharmaceutical that is
labeled with a positron emitter is required for PET use in molecular imaging. 11C and 18F
are the most common isotopes used both in the literature and in clinical studies. For
example,

18

F-Fluorodeoxyglucose (Figure 1.2) is a FDA approved diagnostic

radiopharmaceutical routinely used for its capability of mimicking glucose in vivo to
display changes in glucose metabolism [7]. However, the development of
min] or

18

11

C [t1/2=20.4

F [t1/2=109.8 min] labeled ligands is limited by the short half-lives of the two

isotopes and comparably difficult chemistry of the incorporation of them with
5

biologically-functional molecules. For example, the short half-life of

11

C makes it

unsuitable for evaluating the drug candidates in longer biological processes lasting from
hours to days. In addition, the relatively complex chemistry of incorporating 11C and 18F
into molecules of interest can lower the radiolabeling yield.

Fig. 1.2: Chemical structure of 18F-Fluorodeoxyglucose.
With the growth of PET in clinical use over the past decade, there has been a
rising interest in 68Ga in recent years for the following reasons. First of all, similar to the
production of
68

99m

Tc from the

99

Mo/99mTc generator,

68

Ga can be obtained from the

Ge/68Ga generator, which is superior to the majority of positron emitters that are

generated from a cyclotron for the reason of much lower cost and more convenience of
the generator over the cyclotron. A radionuclide generator is composed of a relatively
long-lived parent nuclide and a short-lived daughter nuclide that is the decay product of
the parent nuclide [8]. The parent nuclide in the 68Ge/68Ga generator is 68Ge, with a long
half-life of 271 days, making it possible to act as a continuous

68

Ga source to support

production of 68Ga radiolabeled pharmaceuticals for PET use [9]. The separation methods
of

68

Ga from

68

Ge have also been established based on their sufficiently different
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chemical properties and classified into two main strategies. One is to use organic
phenolic groups to form stable complexes with Ge(IV). The 68Ga can be eluted with HCl
in the forms of

68

GaCl-4. The other is to use inorganic oxide matrices, such as Al2O3,

SnO2, Sb2O5, ZrO2, and TiO2, with
tetraacetic acid) [10]. Secondly,

68

68

Ga eluted in HCl or EDTA (ethylenediamine

Ga is a good candidate for clinical application in PET

due to its optimal nuclear characteristics. As a positron emitter,
emission [Eβ+
half-life of

68

max=1.9

MeV, Eβ+

avg=0.74

68

Ga decays by positron

MeV] in 89% yield. Moreover, the 68 min

Ga is compatible with drug process and imaging for small molecules and

peptides that show much faster clearance from the normal tissues with comparison to
large biological molecules such as antibodies. The high yield of the positron emission of
68

Ga, along with its convenient half-life, makes it a suitable positron emitter for PET

imaging applications [11]. Thirdly, the coordination chemistry of gallium(III) has been
well studied due to its great potential to be used in PET imaging. As a metal in the III A
group of the periodic table, gallium only exists in the +3 oxidation state under
physiological conditions. Ga3+ is determined to be a hard acid and prefers to coordinate
with ionic and hard Lewis bases like nitrogen and oxygen atoms in carboxylate,
phosphonate, and amino groups [12]. With an ionic radius of 62 pm, Ga3+ prefers the
coordination number of 6 and is only stable under acidic conditions in solution [13].
Hydrolysis reactions of Ga3+ to form insoluble hydroxides of Ga3+ like Ga(OH)3 can
occur at higher pH values including physiological conditions. As a result, the simple and
direct

68

Ga radiolabeling of molecules in water is prevented [14]. However, the

bifunctional chelating agents can coordinate Ga3+ under acidic conditions to produce
complexes that are thermodynamically and kinetically stable at physiological pH in vitro
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and in vivo [10]. A bifunctional chelating agent is a molecule that comprises a chelator
with the capacity of strongly complexing metals and a part of the molecule that can be
used to attach the agent onto the targeting vector, such as peptides and antibodies. Based
on this functionality, the bifunctional chelating agents can be conjugated to the targeting
vector commonly through carboxylate, phenol or isothiocyante groups and then complex
radionuclides to form radiopharmaceuticals.
64

Cu shows potential to be both a diagnostic radionuclide for PET imaging and

radiotherapeutic radionuclide of great interest due to its good nuclear characteristics. As a
radionuclide that is capable of being produced in large scale with high specific activity
via the

64

Zn(n, p)64Cu or

64

Ni(p, n)64Cu in a medical cyclotron, it decays by positron

[Eβ+max=0.65MeV (17.9%)], beta emission [Eβ−max=0.57MeV (39%)], and electron
capture (43.1%). It has a half-life of 12.7 hours, which is sufficiently long for drug
preparation, quality control, drug delivery, drug clearance, and patient imaging [8, 15].
The solution chemistry of Cu(II) has also been well studied for its potential use in nuclear
imaging. As a metal in the II B group of the periodic table, copper can exist in +2 or +1
oxidation state under physiological conditions. However, Cu2+ is more prevalent in the
solution chemistry of copper with bifunctional chelating agents. Many chelators such as
macrocyclic or linear polyamino carboxylates can complex with Cu(II) at pH~7. Copper
prefers to bind to nitrogen-containing functional groups to form complexes with
coordination numbers ranging from four to six. Kinetic inertness is considered more
important for Cu than thermodynamic stability in terms of in vivo stability of

64

Cu-

labeled compounds. The instability of Cu compounds results from the reduction of Cu(II)
to Cu(I) in vivo and the subsequent decomposition of Cu from the complexes due to the
8

competitive chelation by proteins such as superoxide dismutase (SOD). The
transchelation of Cu from the ligands to SOD causes Cu accumulation in the liver, which
emphasizes the importance of choosing the right chelating agent to provide strong in vivo
stability for 64Cu-labeled radiopharmaceuticals [16].
This work involves studies using 64Cu, 68Ga, and 67Ga (as the substitute for 68Ga)
in biological evaluation of the radiotracer and their production and decay properties are
generalized in Table 1.1.
Table 1.1. Selected radionuclide production and decay properties
Radionuclide

Production

Ga-68

68

Decay

Ge/68Ga generator EC, β+

Eλ/Eβ-/Eβ+/Eα (keV)

t1/2

λ: 1077.4

67.6 min

β+: 1899.1
Ga-67

Cyclotron

EC

λ: 887.7

3.3 d

β-: 907.2
Cu-64

Cyclotron

EC, β-, β+

λ: 1345.8

12.7 h

β-: 578
β+: 651

1.3

PROSTATE CANCER
Prostate cancer, also known as the carcinoma of the prostate, is the malignant

alteration of gland cells of the human prostate. It is one of the most common cancers
diagnosed and the second common cause of cancer related death in men in the United
States. According to the American Cancer Society, prostate cancer is expected to account
9

for an estimated 220,800 new cases and continues to be a severe burden [17]. The disease
often eventually evolves to be refractory to androgen deprivation therapy and achieves
metastasis, which is the primary reason for the complications and mortalities associated
with prostate cancer. Although the survival rate of the disease, which is localized to the
prostate gland, is high there is a dramatic rise in mortality once the cancer has spread
beyond the prostate. As a result, the early detection and staging of prostate cancer is
important [18, 19]. Current methods for the clinical diagnosis of prostate cancer include
digital rectal exam (DRE), blood analysis of blood-serum levels of prostate-specific
antigen (PSA), and diagnostic anatomical imaging generally with magnetic resonance
imaging (MRI), computed tomography (CT), or ultrasound (US). These diagnostic
approaches are often considered to be inadequate for early diagnosis due to disadvantages
such as invasiveness, non-specificity, and false positives. For example, serum PSA levels,
combined with DRE, are common tests for early detection of prostate cancer. However,
the lack of specificity of PSA in discriminating prostate cancer from benign prostatic
hyperplasia has led to a high number of false diagnosis and unnecessary biopsies [20-25].
Consequently, the challenges for the early detection and staging of prostate tumors,
excruciating pain, and increasing costs of palliative therapy associated with the chronic
and metastatic stages of the disease motivate the efforts to exploit novel and more
effective methods for early diagnosis, staging to differentiate indolent from aggressive
tumors, and therapy.
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1.4

PEPTIDE BASED RADIOPHARMACEUTICALS
The high expression of peptide receptors in human tumors has attracted great

attention for the past decade. Modified regulatory peptide analogues have been
synthesized and radiolabeled to act as targeting vectors for selectively binding to the cell
membrane receptors of cancer cells. Using small biological molecules like peptides to
target specific receptors in vivo has been of great interest due to their advantages over the
usage of larger biomolecules such as antibodies due to favorable pharmacokinetics and
tissue distribution pattern, rapid clearance from the blood and non-target tissues, good
permeability to rapidly reach targets, and low toxicity and immunogenicity [26, 27]. The
use of radiolabeled somatostatin analogues to target the somatostatin receptors that are
overexpressed in human neuroendocrine tumors has shown successful results and
stimulated the development of strategies for targeting the bombesin receptors [28].
1.5

BOMBESIN AND GASTRIN RELEASING PEPTIDE RECEPTOR
Bombesin (BBN) is a 14 amino acid counterpart for the human gastrin releasing

peptide (GRP) that is a regulatory peptide playing an important role in cancer growth
along with physiological effects. GRP is a 27 amino acid peptide that was isolated from
porcine stomach in 1979 [29]. GRP and BBN share the final 7 amino acids, -Trp-AlaVal-Gly-His-Leu-Met-NH2, in the amidated C terminus sequence. Studies have showed
that bombesin probably stimulated cancer growth through binding the bombesin receptors
on the surface of cancer cells in an autocrine fashion [30]. The investigation of the BBN
receptors was initiated by the isolation of the tetradecapeptide bombesin in 1971 [31].
Currently, there are four receptor subtypes in the bombesin receptor family: the
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neuromedin B (NMB) subtype (BB1), the GRP subtype (BB2), the orphan receptor
subtype (BB3), and the bombesin (BBN) receptor subtype (BB4) [32]. Among the four
subtypes that have been already identified in the bombesin receptor family, the GRP
receptor (GRPR), a seven-transmembrane G-protein coupled receptor also known as
BB2, has been well studied and characterized with the development of a number of
radioligands to target tumors that have high expression of GRPR, such as prostate cancer,
breast carcinomas, small cell lung cancers (SCLCs), and renal cell carcinomas [33-37]. In
addition to prostate tumor cells, GRPR is also expressed in the vast majority of lymph
node metastases and in 52.9% of bone metastases of prostate cancer [38]. To date, design
and development of radiolabeled agents for the bombesin receptor family have largely
focused upon the GRP (BB2) receptor subtype. One of the frequently studied targeting
agents for the GRPR is BBN(7-14)NH2, whose final 7 amino acid sequence, -Trp-AlaVal-Gly-His-Leu-Met-NH2, has been determined to be necessary for high binding affinity
to GRPR (Fig. 1.3) [39-43]. The other targeting motif used in this research is RM2 (Fig.
1.4) which is an antagonist analogue of BBN with high binding affinity to GRPR. The
studies of BBN antagonists have shown superior biodistribution and imaging as
compared to BBN agonists. For example, RM2, as an antagonist analog of BBN, has
recently been investigated to show improved uptake and retention in tumor [44-48].

12

Fig. 1.3: Chemical structure of BBN(7-14)NH2 agonist.

Fig. 1.4: Chemical structure of RM2 antagonist.
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Recently, numerous BBN analogue conjugates have been generated and
radiolabeled with

99m

Tc,

111

In,

64

Cu, and other radionuclides in order to evaluate their

potential of targeting GRPR-expressing tumors for therapeutic and diagnostic
applications in patients [49-55].A large body of work has been reported for monovalent
ligands based on BBN analogues. For example, in 2003, a novel series of

111

In-labeled

BBN analogs, [111In-DOTA-X-BBN(7-14)NH2] (X=0, β-Ala, 5-Ava, 8-Aoc, 11-Aun)
were synthesized, characterized, and evaluated in vitro and in vivo (DOTA=1,4,7,10tetraazacyclododecane-1,4,7,10-tetraacetic acid). The results showed that the complexes
in which X=5-Ava or 8-Aoc were present exhibited high binding affinity to the GRPR
and high retention on PC-3 human prostate cancer xenografts in SCID (severe combined
immunodeficient) mice. However, the in vivo biodistribution studies also showed high
uptake and retention of the conjugates in liver and pancreas [49]. A series of

99m

Tc-

labeled BBN analogs have also been developed, characterized, and evaluated [50]. Since
this time, other DOTA-linker-BBN(7-14)NH2 conjugates have been synthesized for
radiolabeling studies with 64Cu. However, the in vivo kinetic stability of DOTA-chelated
to

64

Cu was inadequate [51-53]. As a result, a series of NOTA (NOTA= 1,4,7-

triazacyclononane-1,4,7-triacetic acid) conjugated,

64

Cu-radiolabeled BBN ligands,

[64Cu-NO2A-(X)-BBN(7–14)NH2] (X=β-Ala, 5-Ava, 6-Ahx, 8-Aoc, 9-Anc or AMBA),
were synthesized and evaluated. These new radioligands presented with high uptake of
tracer in GRPR positive tissues with little retention in non-target tissues, indicating the
superiority of NOTA as a chelate to stabilize 64Cu in vivo [40-43].
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1.6

DUPA AND PROSTATE SPECIFIC MEMBRANE ANTIGEN
The second targeting vector being studied in this application is DUPA (DUPA=2-

[3-(1,3-Bis-tert-butoxycarbonylpropyl)-ureido]pentanedioic acid, Fig. 1.5), which is a
urea derivative with high binding affinity for PSMA. PSMA, also known as folate
hydrolase I or glutamate carboxypeptidase II, is a 750-amino acid cell membrane protein,
which was originally defined by the antibody (MAb)7E11 in 1987 [56]. It is an ideal
target for nuclear medicine due to its many biological characteristics. First, as a nonsecreted protein anchored to the plasma membrane of prostate epithelial cells, PSMA
shows over-expression on prostate cancer cells. Studies also have shown that it is highly
expressed in lymph node and bone metastases of prostate cancer [38, 57]. However, the
expression of PSMA in normal human tissues is 100 to 1000 fold less than that in
prostate cancer [58]. PSMA expression also has been reported in the neovasculature of
most solid tumors including renal carcinoma, colorectal carcinoma, glioblastoma
multiforme, pancreatic duct carcinoma, and breast carcinoma [59]. Second, when ligand
binding occurs, PSMA is internalized via clathrin-coated pits and subsequent
endocytosis, which favors the transportation of the bound radionuclides into the cells
[60]. Finally, there are studies showing that PSMA expression levels increase as the stage
and grade of the tumor increase, showing the potential of PSMA in the application for
tumor staging [61, 62].
Considerable work has been reported for the development of small molecule
inhibitors for PSMA so far. In 2004, a series of urea-based inhibitors of PSMA were
synthesized, and the biological evaluations of these inhibitors showed the necessity for
one of the glutamic acid moieties to remain intact to maintain their inhibitory potency
15

[63]. In 2005, 11C and

125

I radiolabeled urea derivatives were produced for evaluation in

severe combined immunodeficient mice bearing MCF-7 (breast, PSMA-negative), PC-3
(prostate, PSMA-negative), and LNCaP (prostate, PSMA-positive) xenografts, and whose
results showed the feasibility of using urea derivatives as potential targeting vectors for
PSMA [64]. Afterwards, other radionuclides such as

99m

Tc,

18

F,

123

I and

68

Ga were also

applied to radiolabel a variety of urea derivatives [65-68]. In 2009, the DUPA molecule
was radiolabeled with

99m

Tc and the imaging and biodistribution studies showed high

uptake and retention of the tracer on LnCaP cell tumor xenografts [69]. These studies on
glutamate-urea based inhibitors showed the potency of DUPA as an efficient targeting
vector for PSMA.

Fig. 1.5: Chemical structure of DUPA

Fig. 1.6: Chemical structure of RGD
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1.7

RGD AND αvβ3 INTEGRIN
The third targeting vector of great interest is the RGD peptide sequence, a cyclic

five amino acid moiety abbreviated as c(RGDyK), with strong binding affinity to αvβ3, a
member of the integrins (Fig. 1.6). The integrin family is composed of heterodimericly
structured transmembrane receptors, which play an important role in cell adhesion due to
its capability of connecting cells to proteins of the extracellular matrix. The integrin is a
combination of two parts, the α subunit and β subunit, each of which is a type I
membrane glycoprotein. Each subunit of the integrin consists of a large extracellular
domain, a transmembrane helix, and a short cytoplasmic tail. 24 heterodimers, which are
formed by 18 α and 8 β subunits that have been identified up till now, have been found
and investigated [70-72]. The RGD peptide sequence has been confirmed to be an
essential binding motif for seven integrin receptors, including αvβ3, that is moderately
expressed in a number of cancers such as malignant melanoma, glioblastoma, breast, and
androgen-independent prostate cancer cells [73, 74]. Despite its moderate expression on
tumors, αvβ3 remains an attractive target of great interest due to its important roles in the
modulation of cell migration and survival during angiogenesis, which potentially
facilitates metastatic invasion of the tumors cells across the blood vessels [75-77].
Angiogenesis, a process of formation of new blood vessels in avascular tissues, is
upregulated in a number of diseases including tumor growth as well as tumor metastasis.
The integrins, as a member of

cell adhesion receptors, take the responsibility of

mediating migration of endothelial cells into the basement membrane and regulating
growth, survival, and differentiation of endothelial cells during angiogenesis [78, 79].
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Up till now, a variety of modified αvβ3-integrin targeting probes based on the
RGD sequence for SPECT and PET diagnostic application has been developed and
evaluated biologically. For example, in 2004,

18

F-radiolabeled RGD peptide was

produced and initially evaluated for imaging brain tumor angiogenesis [80]. In 2007, a
radiolabeled RGD peptide was used to target the integrin of tumors [81]. Patterns of αvβ3
expression in breast cancer were studied via

18

F-galacto-RGD in PET imaging in 2008

[82]. Other peptide ligands based on RGD were synthesized and labeled with other
radionuclides including

68

Ga for mapping αvβ3 expression in vivo [83, 84]. With the

exploitation of RGD-motif peptides, important strategies for improving pharmacokinetics
were proposed and supported via comparative studies [85]. The strategies include
introduction of hydrophilic linkers as pharmacokinetic modifiers and multimerisation of
RGD to from multimers, which triggered the research on multimeric RGD peptides. The
studies showed the multimerisation of RGD provides increased binding affinity and
superior in vivo behaviors such as tumor uptake and retention [86-91].
1.8

BIFUNCTIONAL CHELATORS – NOTA, NODAGA, DOTA
The BFCAs used in this dissertation are cyclic polyaminocarboxylates with the

capability of coordinating the metals efficiently. Several carboxylate groups of the
chelators can be involved in coordination with the metals to form complexes, while the
remaining carboxylate can be used to form an amide bond with a primary amino residue
of the peptide targeting vector thus linking the chelator onto the main structure of the
ligand [92]. The three cyclic polyaminocarboxylate chelators that will be discussed herein
are listed in Figure 1.7 (NOTA, 1,4,7-triazacyclononane-1,4,7-triacetic acid), Figure 1.8
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(NODAGA, [2-(4,7-biscarboxymethyl)-1,4,7-(triazonan-1-yl)pentanedioic acid]), and
Figure 1.9 (DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid).

Fig. 1.7: NOTA structure
1.9

Fig. 1.8: NODAGA structure

Fig. 1.9: DOTA structure

BIVALENT PEPTIDE LIGAND
Bivalent ligands are a combination of two targeting vectors (peptides or small

molecules) having very high affinity for multiple receptor subtypes. Compared to
bivalent ligands, monovalent ligands (which oftentimes target only a single receptor
subtype) have several disadvantages. First, the number of effective receptors may differ
significantly during tumor development causing significantly reduced uptake and
retention of targeting vector. Second, the binding affinity can be relatively low for
monovalent species as compared to bivalent targeting ligands. Third, pharmacokinetic
considerations (clearance properties and excretion rates) may limit the diagnostic imaging
utility of a specific monovalent targeting ligand. Consequently, the development of
bivalent ligands is important for producing a multipurpose ligand, having the ability to
effectively target prostate cancer cells with expression or co-expression of two
biomarkers. Bivalent ligands are superior to monovalent ligands due to its capability of
being used as universal ligands for targeting multiple peptide receptors. Moreover,
19

bivalent ligands have the potential for targeting prostate tumor cells at all stages of the
disease.
For the reasons mentioned above, the development of multivalent regulatory
peptide probes that are new and innovative targeting vectors with high selectivity and
affinity for multi-receptor subtypes on human prostate cancer is a new avenue and
impetus for diagnostic molecular imaging of tumors expressing multiple receptors. The
first bivalent peptide ligand for GRPR/PSMA targeting was synthesized in our lab and
evaluated in vitro and in vivo [93]. Reports on the synthesis and biological evaluation of
heterodimeric regulatory peptide probes of RGD/BBN conjugates for targeting both αvβ3
and GRPR receptors with

68

Ga- or

64

Cu-radiolabeled [NOTA-RGD-BBN(7-14)NH2]

have shown improved retention of 64Cu tracer on PC-3 tumor cells at 20 h post injection
as compared to the monomeric BBN or RGD conjugates [94, 95]. Radiolabeled NOTA
and DOTA conjugates of RGD-RM2 bivalent peptide antagonists, [RGD-Glu-(64CuNO2A)-6-Ahx-RM2] and [RGD-Glu-(177Lu/111In-DO3A)-6-Ahx-RM2], have been also
synthesized and biologically investigated on PC-3 tumor cells to display superior
biological behaviors in vivo and imaging [96, 97].
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Chapter 2: COPPER-64 NODAGA DUPA/BBN(7-14)NH2 BIVALENT LIGAND
FOR POTENTIAL DIAGNOSTIC IMAGING OF PROSTATE CANCER
2.1

INTRODUCTION
As ideal biomarkers for molecular targeting using radiolabeled peptides or small

molecules, prostate-specific membrane antigen (PSMA) and gastrin releasing peptide
receptors (GRPR) are co-expressed in very high numbers on human cancers including
prostate cancer [1, 2]. The GRPR is one of the four known mammalian bombesin
receptor subtypes, which are G protein-coupled, 7-transmembrane receptors with the
capability of being endocytosed upon binding by an effective agonist ligand [3, 4]. BBN,
a 14 amino acid amphibian peptide analog of gastrin releasing peptide (GRP), shares with
the mammalian regulatory peptide GRP a homologous, 7 amino acid amidated Cterminus that is essential for high-affinity binding to GRPR [5]. PSMA, also known as
folate hydrolase I or glutamate carboxypeptidase II, is a 750 amino acid integral
membrane protein present in the neovasculature of most solid tumors but absent in
normal vascular endothelium of normal tissues [6, 7]. For prostate cancer, although
PSMA is mainly expressed in the epithelium, upregulation and translocation of PSMA
from internal organelles to the cell surface generally occurs as all prostate cancer
progress to the androgen-independent, metastatic disease stage [8-10]. Furthermore,
PSMA undergoes internalization via clathrin-coated pits and has a tendency to be
recycled to the surface of prostate cancer cells for additional internalization events [11,
12].
In this project, a C-terminal amidated BBN, BBN(7-14)NH2 (Fig. 1.3), was used
as the GRPR targeting motif, and a urea derivative with high binding affinity for PSMA,
28

DUPA (Fig. 1.5), was used as the PSMA targeting motif to form the bivalent ligand.
64

Cu, a radionuclide with ideal nuclear characteristics, was used to radiolabel the bivalent

ligand to produce the tracer for biological evaluations. NODAGA (Fig. 1.8), a NOTA
(Fig. 1.7) derivative, was used as the chelating agents for complexing 64Cu to the bivalent
ligand via conjugation onto the ligand with a functional group.
2.1.1 Specific Aims
The goal of the project was to produce, purify, characterize, and evaluate, both in
vitro and in vivo, a GRPR/PSMA dual-targeting peptide conjugate ligand suitable for
metallation of copper-64.
2.2

EXPERIMENTAL

2.2.1 Materials
Amino acids and resins for solid-phase and manual peptide synthesis were
purchased from either Novabiochem/EMD Biosciences, Inc. (La Jolla, CA), Advanced
ChemTech (Louisville, KY), or Chem-Impex International (Wood Dale, IL). 64CuCl2 was
purchased as a 0.1 M HCl solution from the University of Wisconsin-Madison (Madison,
WI). All other reagents or solvents were purchased from Fisher Scientific (Pittsburgh, PA,
USA) or Sigma-Aldrich Chemical Company (St. Louis, MO, USA) and used without
further purification.

125

I-[Tyr4]-BBN was purchased from Perkin-Elmer (Waltham, MA,

USA). PC-3 and LNCaP cells were obtained from American Type Culture Collection and
were maintained by the University of Missouri Cell and Immunobiology Core Facility
(Columbia, MO).
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2.2.2 Synthesis of [DUPA-6-Ahx-K-5-Ava-BBN(7-14)NH2] Precursor
A combination of solid phase and manual peptide synthesis was used to
synthesize the bivalent GRPR/PSMA-targeting precursor, [DUPA-6-Ahx-K-5-AvaBBN(7-14)NH2]. Briefly, manual resin-based peptide synthesis was employed to prepare
the GRPR/PSMA-targeting precursor using traditional F-moc chemistry. 6-Ahx and 5Ava represent the pharmacokinetic modifiers 6-aminohexanoic acid and 5-aminovaleric
acid, BBN(7-14)NH2 = Q-W-A-V-G-H-L-M-NH2, and DUPA precursor denotes 2-[3(1,3-Bis-tert-butoxycarbonylpropyl)-ureido]pentanedioic acid. Briefly, Rink AmideMBHA resin (0.1 mmol) and F-moc protected amino acids with appropriate side-chain
protections (0.2 mmol) were utilized for synthesis. After being swelled with a
combination of methylene chloride (3 ml) and dimethyl formamide (DMF, 3 ml), the
resin was mixed with a solution of 20% piperidine in DMF (3 × 3 ml) and bubbled with
nitrogen for 5 min. Then, the resin was washed with DMF (3 × 3 ml) and isopropyl
alcohol (i-PrOH, 3 × 3 ml). The Kaiser Test was employed to assess the formation of the
free, N-terminal, primary amines. Upon swelling the resin once again in DMF, a solution
of F-moc protected amino acids (0.2 mmol), O-Benzotriazole-N,N,N’,N’-tetramethyluronium-hexafluoro-phosphate (HBTU) (0.2 mmol), Hydroxybenzotriazole (HOBt) (0.2
mmol) and N,N-Diisopropylethylamine (DIPEA) (0.4 mmol) in DMF was added to the
resin. The resin was bubbled by nitrogen gas for 2 h, followed by washing with DMF (3
× 3 ml) and i-PrOH, (3 × 3 ml). The coupling efficiency was assessed by the Kaiser Test,
and the above coupling procedure was repeated 12 additional times to produce the
bivalent ligand precursor. The peptide was cleaved from the resin via a cocktail of water,
triisopropylsilane (TIS), and trifluoracetic acid (TFA) in a ratio of 2.5:2.5:95 and then
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precipitated in methyl-t-butyl ether. The crude peptide conjugate was purified by RPHPLC (reversed phase high performance liquid chromatography, tR = 11.3 min). Solvents
were removed in vacuo using a SpeedVac concentrator (Labconco, Kansas City, MO).
The purified peptides were characterized by ESI-MS (Electrospray ionization-mass
spectroscopy).
2.2.3 Synthesis of [DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(7-14)NH2]
The new NODAGA conjugate was produced by conjugating a derivative of
NOTA

(1,4,7-triazacyclononane-1,4,7-triacetic

acid),

NODAGA

(2-(4,7-

biscarboxymethyl)-1,4,7-(triazonan-1-yl)pentanedioic acid), onto the ɛ-amine of lysine
(K) on the bivalent peptide precursor [DUPA-6-Ahx-K-5-Ava-BBN(7-14)NH2] via an
active ester using a modified procedure that has been previously described [13, 14].
Briefly, [DUPA-6-Ahx-K-5- Ava-BBN(7-14)NH2] (2.7 μmol) was dissolved in 0.1 M
sodium phosphate buffer and the pH was adjusted to 7.4 using 10% NaOH. NODAGANHS (27 μmol), dissolved in 200 μL of 0.1 M sodium phosphate buffer (pH = 7.0), was
mixed with the peptide solution. The reaction mixture was stirred for 6 h at 5–10 °C,
followed by stirring overnight at ambient temperature. The bivalent NODAGA conjugate
was purified by RP-HPLC (tR = 12.2 min). The new bivalent conjugate was confirmed by
ESI-MS.
2.2.4 Metallation of [DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(7-14)NH2] with

nat

Cu

and 64Cu
[DUPA-6-Ahx-(natCu-NODAGA)-5-Ava-BBN(7-14)NH2]

was

produced

by

adding 7.4 mM natural CuCl2•2H2O in 0.05 N HCl (90 nmol) to purified [DUPA-6-Ahx(NODAGA)-5-Ava-BBN(7-14)NH2] peptide conjugate (80 nmol, 250 µl 0.4M
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ammonium acetate). The pH of the reaction mixture was adjusted to approximately 7.0
by the addition of 1% NaOH. The mixture was incubated for 1 h at 70 ºC and then 50 µl
of 10 mM DTPA (diethylenetriaminepentaacetic acid) solution was added to scavenge
unbound metal. The metallated conjugate, [DUPA-6-Ahx-(natCu-NODAGA)-5-AvaBBN(7-14)NH2], was purified by RP-HPLC (tR = 11.6 min) and characterized by ESIMS prior to in vitro receptor binding assays.
Likewise, the radiolabeled ligand, [DUPA-6-Ahx-(64Cu-NODAGA)-5-AvaBBN(7-14)NH2], was synthesized by the reaction of [DUPA-6-Ahx-(NODAGA)-5-AvaBBN(7-14)NH2] (50 µg, 200 µl 0.4 M ammonium acetate) with 64CuCl2 (185 MBq, 2.02
× 10−11 mol, 9.16 × 1018 Bq/mol) in 0.05 N HCl for 1 h at 70 ºC (pH = 7.0). Fifty µl of 10
mM DTPA solution was added to scavenge any remaining copper metal ion. The

64

Cu-

radiolabeled peptide was purified via RP-HPLC (tR = 11.6 min) and collected into 100 µl
of 1mg/ml BSA (bovine serum albumin) and ascorbic acid (25 μg) prior to in vitro, in
vivo, and imaging assays. Acetonitrile was removed under a steady stream of nitrogen
and the radiochemical purity was assessed by RP-HPLC (tR = 11.6 min).
2.2.5 RP-HPLC and MS Analysis of Non-metallated and Metallated [DUPA-6Ahx-(NODAGA)-5-Ava-BBN(7-14)NH2]
The reversed-phase high-performance liquid chromatography (RP-HPLC)
purifications of the peptide conjugate and metallated complexes were performed on an
SCL-10A HPLC system (Shimadzu, Kyoto, Japan) employing a binary gradient system
[solvent A = 99.9% DI water with 0.1% trifluoroacetic acid (TFA); solvent B = 99.9%
acetonitrile containing 0.1% TFA]. A linear gradient of 75:25A/B to 65:35A/B over 15
min and 65:35A/B to 5:95A/B over 2 min was used for purification. Samples were
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observed using an in-line Shimadzu SPD-10A UV-vis tunable absorbance detector (λ =
280 nm) as well as an in-line EG&G Ortec NaI solid crystal scintillation detector (EG&G,
Salem, MA, USA). EZStart software (7.4; Shimadzu) was used for data acquisition of
both signals. A semi-preparative C-18 reversed-phase column (Phenomenex Jupiter
Proteo, 250 × 10.00 mm, 10 µm; Phenomenex, Torrance, CA, USA) maintained at 34 ºC
via an Eppendorf TC-50 column heater was used for purification of [DUPA-6-Ahx-K-5Ava-BBN(7-14)NH2] precursor and [DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(7-14)NH2].
[DUPA-6-Ahx-(nat/64Cu-NODAGA)-5-Ava-BBN(7-14)NH2] were purified using an
analytical C-18 reversed-phase column (Phenomenex Jupiter Proteo, 250 × 4.60 mm, 5
µm). Purified peptide conjugates were lyophilized in a CentriVap system (Labconco,
Kansas City, MO, USA). Electrospray-ionization mass spectrometry (ESI-MS) for
characterization of precursor peptide, non-metallated and metallated peptide conjugate
was performed at the MS facility, Department of Chemistry, University of Missouri
(Columbia, MO).
2.2.6 In Vitro Competitive Displacement Binding Assays of [DUPA-6-Ahx-(natCuNODAGA)-5-Ava-BBN(7-14)NH2] in GRPR-positive PC-3 cells and PSMApositive LNCaP Cells
Competitive displacement binding assays of [DUPA-6-Ahx-(natCu-NODAGA)-5Ava-BBN(7-14)NH2] were conducted in GRPR-positive PC-3 cells and PSMA-positive
LNCaP homogenized cell membranes using [125I-(Tyr4)-BBN] and [+N-acetyl aspartyl
3

H-glutamate] (NAAG) as the radioligands.
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The IC50 (half maximal inhibitory concentration) value of [DUPA-6-Ahx-(natCuNODAGA)-5-Ava-BBN(7-14)NH2] was determined using GRPR-expressing, human PC3 prostate cancer cells (~3 × 104 cells/tube, suspended in DMEM/F-12 K media
containing 0.01 M MEM and 2% BSA, pH = 5.5) incubated with ~20,000 cpm of

125

I-

[Tyr4]-BBN and increasing concentrations of the cold metal labeled conjugate (10-12 M to
10-5 M) for 1 h at 37 ºC in a 5% CO2-enriched atmosphere. The medium was aspirated
after incubation, and the cells washed three times with cold cell medium (pH = 7, 0.2%
BSA in DMEM + HEPES). A Packard Riastar multiwall gamma counting system was
utilized to measure cell-associated radioactivity. The percent of bound radioligand was
plotted against increasing concentrations of the metallated conjugate to determine the
IC50 value. The dissociation curves and IC50 values were generated via Prism Software
(version 5.0). The experiments were carried out in triplicate, and the average of the trials
was used as the final IC50 value.
For the PSMA-positive LNCaP homogenized cell membranes, the binding affinity
of [DUPA-6-Ahx-(natCu-NODAGA)-5-Ava-BBN(7-14)NH2] was also measured via the
N-acetylated-a-linked acidic dipeptidase (NAALADase) assay with only minor
modification [15]. Briefly, LNCaP tissue culture homogenized cell membranes were
incubated with increasing concentrations of [DUPA-6-Ahx-(natCu-NODAGA)-5-AvaBBN(7-14)NH2] (1 × 10−13–1 × 10−5 M) in 50 μL of Tris–HCl buffer (50 mM, pH = 7.4)
for 45 min. After the addition of [N-acetyl aspartyl 3H-glutamate], the reaction mixture
was allowed to incubate for an additional 15 min at 37 ºC. Then, 50 ml of cold sodium
phosphate buffer (0.1 M, pH = 7.4) was added to stop the enzymatic reaction. Cation
exchange chromatography was performed to resolve [N-acetyl aspartyl 3H-glutamate]
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and [3H-glutamate] with AG 50 W-X8 columns (200–400 mesh) which were preequilibrated with 0.2 M HCl prior to loading of the reaction mixture. Fractions containing
[3H-glutamate] were eluted using 6 ml of 2 M HCl. Scintillation cocktail was added to
each fraction and the amount of radioactivity in each was measured by liquid scintillation
counting. The percent of bound radioligand was plotted against increasing concentrations
of the metallated conjugate to determine the IC50 value. IC50 values were determined by
curve fitting using Prism Software (version 5.0).
2.2.7 In Vivo Assays of [DUPA -6-Ahx-(64Cu- NODAGA)-5-Ava-BBN(7-14)NH2]
2.2.7.1 MicroPET/microCT Imaging Studies of [DUPA-6-Ahx-(64Cu-NODAGA)-5Ava-BBN(7-14)NH2] in GRPR-positive Tumors and PSMA-positive
Tumors
All animal studies were conducted in compliance with the NIH guide for Care and
Use of Laboratory Animals and the Policy and Procedures for Animal Research at the
Harry S. Truman Memorial Veterans’ Hospital. ICR SCID (Institute of Cancer Research
Severe Combined Immunodeficient) female mice (4–5 weeks of age) and male athymic
nude-Fox1nu mice were supplied from Taconic Farms (Germantown, NY) or Harlan
Laboratories (Madison, WI). The mice were housed in sterile micro-isolator cages in a
temperature- and humidity-controlled room with a 12 h light/12 h dark schedule. The
animals were fed autoclaved rodent chow (Ralston Purina Company, St. Louis, MO) and
water ad libitum. For tumor inoculations, bilateral subcutaneous flank injections of
approximately 5 × 106 PC-3 cells per 100 µl of normal sterile saline were performed on
the SCID mice, which were anesthetized with isoflurane (Baxter Healthcare Corp.,
Deerfield, IL, USA) at a rate of 2.5% with 0.4 L oxygen supplied through a non35

rebreathing anesthesia vaporizer. Tumors were allowed to grow 2-3 weeks post
inoculation and developed to range in mass from 0.2 g to 0.4 g. Athymic nude mice were
also anesthetized for injections with isoflurane (Baxter Healthcare Corp., Deerfield, IL) at
a rate of 2.5% with 0.4 L oxygen through a non-rebreathing anesthesia vaporizer. LNCaP
cells were injected bilaterally into the subcutaneous flank regions, with ~ 5 × 106 cells in
a suspension of 100 μL normal sterile saline per injection site.
Maximum intensity microPET coronal and axial images were obtained on a
Siemens INVEON small animal, dedicated PET/CT unit (Siemens, Nashville, TN, USA)
at 18 h p.i. according to published procedure [2]. ~675 µCi (~25 MBq) of [DUPA -6Ahx-(64Cu-NODAGA)-5-Ava-BBN(7-14)NH2] in 100 µl of isotonic saline was delivered
to each PC-3 or LNCaP tumor-bearing mouse through the tail vein injection. The mice
were euthanized via CO2 administration. Micro-computed tomography (microCT)
coronal images were also obtained on the Siemens INVEON small-animal CT unit
following microPET imaging for fusing the anatomic and molecular data. The microCT
images were acquired, and concurrent image reconstruction was achieved using a
conebeam (Feldkamp) filtered, back-projection algorithm. The raw, reconstructed
microSPECT datasets were imported into the INVEON Research Workstation software
for subsequent image fusion with the microCT image data and 3D (three-dimensional)
visualization.

2.3

RESULTS AND DISCUSSION
In this study, [DUPA-6-Ahx-K-5-Ava-BBN(7-14)NH2] was synthesized by solid-

phase peptide synthesis (SPPS). However, amino acid and 2-[3-(1,3-bis-tert36

butoxycarbonylpropyl)-ureido]pentanedioic acid 1-tert-butyl ester were manually added,
and afterwards the deprotection was performed using using a cocktail of water,
triisopropylsilane (TIS), and TFA. Then, NODAGA was conjugated to the ɛ-amine of
lysine (K) to produce [DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(7-14)NH2] in high yield
(~65%). The bivalent ligand, [DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(7-14)NH2], was
purified by RP-HPLC, characterized by ESI-MS and then metallated with

nat/64

CuCl2 to

produce [DUPA-6-Ahx-(nat/64Cu-NODAGA)-5-Ava-BBN(7-14)NH2] the structure of
which is shown in Fig. 2.1. The mass spectrometry results of each [DUPA-6-Ahx-K-5Ava-BBN(7-14)NH2] derivative, shown in Table 2.1, were consistent with the calculated
molecular weights, which confirmed the identity of the expected products. The

64

Cu-

radiolabeled conjugate was synthesized in high radiochemical yield (> 95%). According
to the RP-HPLC chromatographic profile of [DUPA-6-Ahx-(64Cu-NODAGA)-5-AvaBBN(7-14)NH2] (Fig. 2.2, Table 2.1), the 64Cu-conjugate has similar retention time (tR =
11.6 min) to

nat

Cu-conjugate, indicating structural similarity between the tracer and the

cold ligand.
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Fig. 2.1: Chemical structure of [DUPA-6-Ahx-(64Cu-NODAGA)-5-Ava-BBN(7-14)NH2]
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Table 2.1. Mass spectrometry, IC50, and RP-HPLC data for [DUPA-6-Ahx-K-5-Ava-BBN(714)NH2], [DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(7-14)NH2], and [DUPA-6-Ahx-(natCuNODAGA)-5-Ava-BBN(7-14)NH2].
Molecular formula [DUPA-6-Ahx-K-5-Ava-BBN(7-14)NH2]

C71H111N19O20S

Molecular formula [DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(7-14)NH2]

C86H134N22O27S

Molecular formula [DUPA-6-Ahx-(natCu-NODAGA)-5-Ava-BBN(714)NH2]

C86H132N22O27S
Cu

Calculated molecular mass, [DUPA-6-Ahx-K-5-Ava-BBN(7-14)NH2]

1581.80 Da

Calculated molecular mass, [DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(714)NH2]

1940.02 Da

Calculated molecular mass, [DUPA-6-Ahx-(natCu-NODAGA)-5-AvaBBN(7-14)NH2]

2001.09 Da

ESI-MS molecular mass ( M + H+), [DUPA-6-Ahx-K-5-Ava-BBN(714)NH2]

1582.64 Da

ESI-MS molecular mass ( M + H+), [DUPA-6-Ahx-(NODAGA)-5-AvaBBN(7-14)NH2]

1941.03 Da

ESI-MS molecular mass ( M + H+), [DUPA-6-Ahx-(natCu-NODAGA)-5Ava-BBN(7-14)NH2]

2001.87 Da

[ DUPA-6-Ahx-K-5-Ava-BBN(7-14)NH2] RP-HPLC tR

11.3 min

[DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(7-14)NH2] RP-HPLC tR

12.2 min

[DUPA-6-Ahx-(natCu-NODAGA)-5-Ava-BBN(7-14)NH2] RP-HPLC tR

11.6 min

IC50, [DUPA-6-Ahx-(natCu-NODAGA)-5-Ava-BBN(7-14)NH2], PC-3

11.1 ±0.46 nM

IC50, [DUPA-6-Ahx-(natCu-NODAGA)-5-Ava-BBN(7-14)NH2], LNCaP

1.16 ±1.35 nM
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Fig. 2.2: HPLC chromatographic profiles of [DUPA-6-Ahx-(64Cu-NODAGA)-5-Ava-BBN(714)NH2] (tR = 11.6 min) and ESI mass spectrum (M + H+ = 2001.87) for [DUPA-6-Ahx-(natCuNODAGA)-5-Ava-BBN(7-14)NH2].

40

Fig. 2.3: Half-maximal inhibitory concentrations (IC50) for [DUPA-6-Ahx-(natCu-NODAGA)5-Ava-BBN(7-14)NH2] (IC50 = 11.1 ±0.46 nM) in human, prostate, PC-3 cells.

Fig. 2.4: Half-maximal inhibitory concentrations (IC50) for [DUPA-6-Ahx-(natCu-NODAGA)5-Ava-BBN(7-14)NH2] (IC50 = 1.16 ±1.35 nM) in human, prostate, LNCaP cells.
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A competitive displacement binding assay of [DUPA-6-Ahx-(natCu-NODAGA)-5-AvaBBN(7-14)NH2] was performed in GRPR-positive PC-3 and PSMA-positive LNCaP cells using
[125I-(Tyr4)-BBN] and [N-acetyl aspartyl 3H-glutamate] (NAAG) as radioligands, and a typical
sigmoidal curve demonstrating displacement of radioactive competitors from cells as a function
of increasing concentration of the naturally metallated conjugate was generated (Fig. 2.3, Fig.
2.4). According to IC50 values (Table 2.1) obtained from the curves, the bivalent conjugate
showed high affinity to both biomarkers expressed on cells (11.1 ± 0.46 nM for GRPRexpressing PC-3 cells, 1.16 ±1.35 nM for PSMA-expressing LNCaP cells).
The results of microPET/microCT imaging studies for [DUPA-6-Ahx-(64Cu-NODAGA)5-Ava-BBN(7-14)NH2] in PC-3 and LNCaP tumor-bearing SCID and nu/nu mice are shown in
Fig. 2.5 and Fig. 2.6. The images were obtained at 18 h post-injection (p.i.) of the tracer through
the tail vein. The two xenografted PC-3 tumors on both flanks are clearly observable in all
images. However, the abdominal uptake and retention of the tracer are significant, probably due
to the hydrophobicity of the molecule. Additionally, a big portion of the abdominal background
is expected to result from the receptor-mediated accumulation and retention of the tracer in
PSMA-positive kidney. For the microPET/microCT image of [DUPA-6-Ahx-(64Cu-NODAGA)5-Ava-BBN(7-14)NH2] in an LNCaP tumor-bearing nude mouse model, only a single LNCaP
tumor is observable also with great amounts of radioactivity uptake and retention in abdominal
tissues, such as the liver, small intestine and kidneys.
As the first example of the bivalent ligand with the capability of targeting both GRPR
and PSMA, [DUPA-6-Ahx-(64Cu-NODAGA)-5-Ava-BBN(7-14)NH2], despite of its strong
binding affinity to GRPR and PSMA biomarkers in in vitro evaluations, the microPET images
obtained in in vivo evaluations displayed its ability to effectively identify tumors but were not
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superior to other tracers that were produced and evaluated in our laboratory. Preliminary
biodistribution studies indicated the tracer in PC-3 tumor-bearing SCID mice underwent renal
excretion meanwhile with great retention in abdominal tissues at 24 h p.i. The hydrophobicity of
the tracer along with receptor-mediated binding in PSMA-positive kidney results in the similarly
high abdominal background in microPET images of mice bearing PSMA-postive LNCaP tumors.
Consequently, adjustments and alternatives for improving the metabolic profiles of the tracer and
reducing background uptake of the tracer in non-target tissues are warranted. In addition to
adjusting the linkers to decrease the hydrophobicity of the molecule, using an antagonist ligand
such as [D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2] (AR) is of great interest with reference
to recent studies demonstrating that antagonists are superior to agonists in in vivo evaluations [16,
17]. As a result, a bivalent PSMA/GRPR-targeting ligand based on DUPA-AR can be a
candidate of great potential to improve targeting ability of primary and metastatic prostate cancer.

Fig. 2.7: The RP-HPLC profiles of [BBN-5-Ava-(natCu-NODAGA)-6-Ahx-DUPA] and [BBN-5Ava-(NODAGA)-6-Ahx-DUPA].
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Fig. 2.5: Maximum intensity microPET tumor and microCT skeletal fusion coronal whole body
image of a PC-3 tumor bearing SCID mouse at 18 h after tail vein injection of [DUPA-6-Ahx(64Cu-NODAGA)-5-Ava-BBN(7-14)NH2].

Fig. 2.6: Maximum intensity microPET tumor and microCT skeletal fusion coronal whole body
image of an LNCaP tumor bearing SCID mouse at 18 h after tail vein injection of [DUPA-6Ahx-(64Cu-NODAGA)-5-Ava-BBN(7-14)NH2].
44

2.4

CONCLUSION
This study herein demonstrated the synthesis, characterization, in vitro, in vivo, and

microPET investigations of a new bivalent ligand, [DUPA-6-Ahx-(64Cu-NODAGA)-5-AvaBBN(7-14)NH2], as a universal molecular imaging agent capable of targeting both the GRPR
and PSMA for prostate cancer. In vitro and in vivo evaluations confirmed the targeting ability of
the tracer for either biomarker. Although the microPET images for the tracer in PC-3 (GRPRpositive) and LNCaP (PSMA-positive) prostate cancer cells are not ideal, the development and
future improvement of the tracer is warranted due to its potential to be a fundamental tool for
early detection, progression staging, possible recurrence evaluation, and monitoring the effects of
therapeutic intervention.
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Chapter 3: COPPER-64 NOTA RGD/RM2 BIVALENT LIGAND FOR POTENTIAL
DIAGNOSTIC IMAGING OF PROSTATE CANCER
3.1

INTRODUCTION
The GRPR is a subtype of the BBN receptor superfamily with high expression in a

variety of human cancers, such as breast, colon, pancreatic, and prostate cancer. Many of these
cancers have been targeted with radiolabeled BBN derivatives for site-directed molecular
imaging or therapy of disease [1-5]. BBN, a tetradecapeptide analogue of human GRP has very
high binding affinity for GRPR and numerous BBN analogues have been synthesized and
characterized for GRPR-positive tumor-targeted imaging and therapy [6-11]. RM2 is an
antagonist analogue of BBN with high binding affinity to the GRPR and the research of BBN
antagonists has shown superior biodistribution and imaging when compared to BBN agonists
[12-16]. The αvβ3 integrin, a member of the integrin receptor family is another target of great
interest due to its important roles in the modulation of cell migration and survival during
angiogenesis, potentially facilitating metastatic invasion of the tumor cells across the blood
vessels, and its moderate expression in a number of cancers such as malignant melanoma,
glioblastoma, breast, and prostate tumors [17-19]. Monomeric and dimeric RGD peptides have
attracted interest due to their ability to specifically target the αVβ3 integrin, which is expressed on
several tumors such as malignant melanomas, glioblastoma, breast, and prostate tumors [20-22].
In this project, the BBN antagonist analogue, RM2 (Fig. 1.4), was used as the GRPR targeting
motif, and a cyclic five amino acid moiety abbreviated as c(RGDyK), RGD (Fig. 1.6), with the
strong binding affinity to αvβ3 was used as the αvβ3 integrin targeting motif for the bivalent ligand.
64

Cu was used to radiolabel the bivalent ligand to produce the tracer for biological evaluations.

NOTA (Fig. 1.7) was used as the chelating agents for linking radionuclides to the bivalent ligand.
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3.1.1 Specific Aims
The goal of the project was to produce, purify, characterize, and evaluate, both in vitro
and in vivo, a GRPR/αvβ3 dual-targeting peptide conjugate ligand labeled with copper-64.
3.2

EXPERIMENTAL

3.2.1 Materials
[RGD-Glu-6-Ahx-RM2], [Cyclo(Arg-Gly-Asp-DTyr-Lys)-Glu-(6-Ahx-D-Phe-Gln-TrpAla-Val-Gly-His-Sta-Leu-NH2], was purchased from CPC Scientific (Sunnyvale, CA, USA).
64

CuCl2 was purchased as a 0.1 M HCl solution from the University of Wisconsin-Madison

(Madison, WI). All other reagents or solvents were purchased from Fisher Scientific (Pittsburgh,
PA, USA) or Sigma-Aldrich Chemical Company (St. Louis, MO, USA) and used without further
purification.
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I-[Tyr4]-BBN and

125

I-Echistatin were purchased from Perkin-Elmer (Waltham,

MA, USA). PC-3 cells were obtained from American Type Culture Collection and were
maintained by the University of Missouri Cell and Immunobiology Core Facility (Columbia,
MO).
3.2.2 Synthesis of [RGD-Glu-(NO2A)-6-Ahx-RM2]
The NOTA derivative conjugates, [NO2A-(X)-BBN(7–14)NH2], were produced by
conjugating NOTA, 1,4,7-triazacyclononane-1,4,7-triacetic acid, to the peptide conjugate via an
active ester as previously reported [23]. Briefly, 2-[morpholino]ethanesulfonic acid (MES) buffer
(pH

4.7),

NOTA,

sulfo-NHS

(N-hydroxysulfosuccinimide)

and

EDC

(1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride) were stirred at room temperature. The
desired peptide, dissolved in phosphate buffered solution, was then added to the active ester
solution in MES buffer. The NO2A conjugate was purified by RP-HPLC and characterized by
ESI-MS.
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3.2.3 Metallation of [RGD-Glu-(NO2A)-6-Ahx-RM2] with natCu and 64Cu
[RGD-Glu-[natCu-NO2A]-6-Ahx-RM2] was produced by adding natural CuCl2•2H2O in
0.05 N HCl (90 nmol) to purified [RGD-Glu-[NO2A]-6-Ahx-RM2] peptide conjugate (89 nmol,
250 µl 0.4M ammonium acetate). The pH of the reaction mixture was adjusted to approximately
7.0 by the addition of 1% NaOH. The mixture was incubated for 1 h at 70 ºC and then 50 µl of
10 mM DTPA solution was added to scavenge unbound metal. The metallated conjugate, [RGDGlu-(natCu-NO2A)-6-Ahx-RM2], was purified by RP-HPLC and characterized by ESI-MS prior
to in vitro receptor binding assays.
The radiolabeled ligand, [RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2], was synthesized by the
reaction of [RGD-Glu-(NO2A)-6-Ahx-RM2] (50 µg, 200 µl 0.4 M ammonium acetate) with
64

CuCl2 (74-111 MBq, 9.15 × 108 Bq/mol) in 0.05 N HCl for 1 h at 70 ºC (pH = 7.0). Fifty µl of

10 mM DTPA solution was added to scavenge any remaining copper metal ion. The
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Cu-

radiolabeled peptide was purified via RP-HPLC and collected into 100 µl of 1mg/ml BSA prior
to in vitro, in vivo, and imaging assays. Acetonitrile was removed under a steady stream of
nitrogen and the radiochemical purity was assessed by RP-HPLC.
3.2.4 RP-HPLC and MS Analysis of Non-metallated and Metallated [RGD-Glu-(NO2A)6-Ahx-RM2]
The unmetallated peptide conjugates and metallated complexes were purified via RPHPLC performed on an SCL-10A HPLC system (Shimadzu, Kyoto, Japan) employing a binary
gradient system [Solvent A=99.9% DI water with 0.1% trifluoroacetic acid (TFA); Solvent
B=99.9% acetonitrile containing 0.1% TFA], programmed with a linear gradient of 25:75A/B to
35:65 A/B gradient over 15 min (followed by an additional 10 min at 5:95 A/B). Samples were
eluted from an analytical C-18 reversed-phase column (Phenomenex Jupiter Proteo, 250 × 4.60
50

mm, 5 µm; Phenomenex, Torrance, CA, USA) maintained at 34 ºC via an Eppendorf TC-50
column heater and observed using an in-line Shimadzu SPD-10A UV-vis tunable absorption
detector (λ = 280 nm) and an in-line, EG&G Ortec NaI solid crystal scintillation detector (EG&G,
Salem, MA, USA). EZStart software (7.4.3; Shimadzu, Kyoto, Japan) was used to accomplish
data acquisition of both signals. Purified compounds were lyophilized in a CentriVap system
(Labconco, Kansas City, MO, USA). ESI-MS analyses were performed in the laboratory of Dr.
Fabio Gallazzi at the University of Missouri, Department of Chemistry, Columbia, MO, USA.
3.2.5 In Vitro Competitive Displacement Binding Assays of [RGD-Glu-(natCu-NO2A)-6Ahx-RM2] in GRPR-expressing PC-3 Cells and αVβ3-expressing U87-MG Cells
The IC50 value of [RGD-Glu-[natCu-NO2A]-6-Ahx-RM2] was obtained by competitive
displacement binding assays using GRPR-expressing, human PC-3 prostate cancer cells (~3 ×
104 cells/tube, suspended in DMEM/F-12 K) incubated with ~20,000 cpm of
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I-[Tyr4]-BBN

and increasing concentrations of each cold metal labeled conjugate (10-12 M to 10-5 M) for 1 h at
37 ºC in a 5% CO2-enriched atmosphere. The medium was aspirated after incubation, and the
cells washed three times with cold cell medium (pH = 7, 0.2% BSA in DMEM + HEPES). A
Packard Riastar multiwall gamma counting system was utilized to measure cell-associated
radioactivity. The dissociation curves and IC50 values were generated via Origin 8.5 software.
The experiments were carried out in triplicate, and the average of the trials was used as the final
IC50 value.
Similarly, competitive displacement binding assays were also performed to determine the
IC50 value of the conjugate for the αvβ3 integrin using αvβ3-expressing, human glioblastoma U87MG cells and
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I-Echistatin as the radioligand. Briefly, U87-MG cells (9 × 104 cells/well) were
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seeded in Millipore 96-well filter multiscreen DV plates (0.65 µm pore size)
at 25 ºC for 2 h with approximately 30,000 cpm of

125

and incubated

I-Echistatin in the presence of increasing

concentrations (10-12 M to 10-5 M) of [RGD-Glu-[natCu-NO2A]-6-Ahx-RM2] in 0.2 ml of
binding medium. Following the incubation, plates were filtered through a multiscreen vacuum
manifold and rinsed twice with 0.5 ml of ice cold pH 7.4, 0.2% BSA/0.01M PBS (phosphate
buffered saline). The hydrophilic polyvinylidenedifluoride (PVDF) filters were collected and the
radioactivity was measured in a Wallac 2480 automated gamma counter (PerkinElmer, NJ, USA).
The IC50 value was calculated as previously described [23]. As a control, the IC50 of cyclo-RGD
was also measured in U87-MG cells using 125I-Echistatin as the radioligand.
3.2.6 In Vivo Assays of [RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2]
3.2.6.1 Biodistribution Studies of [RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2] in CF-1 Normal
Mice and in PC-3 Tumor-bearing SCID Mice
All animal studies were conducted in compliance with the highest standards of care as
outlined in the NIH Guide for the Care and Use of Laboratory Animals and the Policy and
Procedures for Animal Research at the Truman VA Hospital, Columbia, MO, USA. Male, 4-5
week-old CF-1 mice and Institute of Cancer Research severe combined immunodeficient (ICRSCID) mice were supplied by Taconic Farms (Germantown, NY, USA), housed four per cage in
a ventilated rack system under temperature- and humidity-controlled environments with a 12 h
light/12 h dark schedule, and fed ad libitum irradiated rodent chow (Ralston Purina 300
Company, St. Louis, MO, USA) and acidified water. For tumor inoculations, bilateral
subcutaneous flank injections of approximately 5 × 106 PC-3 cells per 100 µl of Dulbecco’s
Phosphate-Buffered Saline (DPBS, Gibco) were performed on the SCID mice, which were
anesthetized with isoflurane (Baxter Healthcare Corp., Deerfield, IL, USA) at a rate of 2.5% with
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0.4 L oxygen supplied through a nonrebreathing anesthesia vaporizer first. Tumors were allowed
to grow 2-3 weeks post inoculation and developed to range in mass from 0.03 g to 0.50 g.
Biodistribution studies were performed in CF-1 and SCID mice after tail vein injection with ~20
µCi (~0.75 MBq, 8.08 × 10−14-2.02 × 10−13 mol, 9.16 × 1018 Bq/mol) of [RGD-Glu-[64CuNO2A]-6-Ahx-RM2] in 100 µl of 0.9% NaCl. Mice were sacrificed at 1 h, 4 h or 24 h postinjection (p.i.) and tissues, organs, and urine were collected, weighed, and counted in a NaI well
counter. The percent injected dose (%ID) and the percent injected dose per gram (%ID/g) were
calculated with the assumption that the whole blood volume was estimated to be 6.5% of the
total body weight.
3.2.6.2 MicroPET/microCT Imaging Studies of [RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2] in
PC-3 Tumor-bearing SCID Mice
Maximum intensity microPET coronal images were obtained on a Siemens INVEON
small animal, dedicated PET/CT unit (Siemens, Nashville, TN, USA) at 4 h p.i. according to
published procedure [23]. Micro-computed tomography (microCT) coronal images were also
obtained on the Siemens INVEON small-animal CT unit following microPET imaging for fusing
the anatomic and molecular data. The microCT images were acquired, and concurrent image
reconstruction was achieved using a conebeam (Feldkamp) filtered, back-projection algorithm.
The raw, reconstructed microSPECT datasets were imported into the INVEON Research
Workstation software for subsequent image fusion with the microCT image data and 3D
visualization.
3.3

RESULTS AND DISCUSSION
In this study, the bifunctional chelator, NOTA, was manually conjugated to the [RGD-

Glu-6-Ahx-RM2] peptide to produce [RGD-Glu-(NO2A)-6-Ahx-RM2]. The bivalent ligand,
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[RGD-Glu-(NO2A)-6-Ahx-RM2], was purified by RP-HPLC, characterized by ESI-MS and then
metallated with nat/64CuCl2 to produce [RGD-Glu-( nat/64 Cu-NO2A)-6-Ahx-RM2], the structure of
which is shown in Fig. 3.1. The metallated conjugates were also purified by RP-HPLC and
characterized by ESI-MS. The mass spectrometry results of each [RGD-Glu-6-Ahx-RM2]
derivative, shown in Table 3.1, were consistent with the calculated molecular weights, which
confirmed the identity of the expected products. The
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Cu-radiolabeled conjugate was

synthesized in high radiochemical yield (> 95%). According to the RP-HPLC chromatographic
profiles of [RGD-Glu-( nat/64 Cu-NO2A)-6-Ahx-RM2] (Fig. 3.2, Table 3.1), the
has similar retention time (tR = 12.35 min) to

nat

64

Cu-conjugate

Cu-conjugate (tR = 12.27 min), indicating

structural similarity between the tracer and the cold ligand.
In vitro competitive binding assays of [RGD-Glu-[natCu-NO2A]-6-Ahx-RM2] were
performed in GRPR-positive, human androgen-independent prostate cancer PC-3 cells and αvβ3expressing, human glioblastoma U87-MG cells using [125I-(Tyr4)-BBN] and
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I-Echistatin as

radioligands, and the typical sigmoidal curves demonstrating displacement of radioactive
competitors from cells as a function of increasing concentration of the naturally metallated
conjugate were generated (Fig. 3.3). The IC50 value of the heterodimer in PC-3 was determined
to be 3.09 ± 0.34 nM (Table 3.1) and is similar to the reported NO2A-RGD-BBN agonist [23].
The IC50 value of the heterodimer in U87-MG was determined to be 518 ± 37.5 nM, indicating
only moderate specific binding to the αvβ3 receptor compared to cyclo-RGD (IC50 = 162 ± 5.5
nM, U87-MG). However, this does not necessarily indicate inferior behavior of the tracer in in
vivo investigations. The IC50 of a

99m

Tc-radiolabeled dual-targeting MC1/αVβ3 ligand previously

studied was found to be 403 nM for the αVβ3 integrin receptor in an M21 human, melanoma cell
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line, while successful molecular imaging results were obtained due to high binding affinity of the
tracer to the MC1 receptor [24].
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Fig. 3.1: Chemical structure of [RGD-Glu-( nat/64 Cu-NO2A)-6-Ahx-RM2]
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Table 3.1. Mass spectrometry, IC50, and RP-HPLC data for [RGD-Glu-(NO2A)-6-Ahx-RM2],
and [RGD-Glu-(nat/64Cu-NO2A)-6-Ahx-RM2]
Molecular formula [RGD-Glu-(NO2A)-6-Ahx-RM2]

C105H156N28O27

Molecular formula [RGD-Glu-(Cu-NO2A)-6-Ahx-RM2]

C105H154CuN28O27

Calculated molecular mass, [RGD-Glu-(NO2A)-6-Ahx-RM2]

2241.17 Da

Calculated molecular mass, [RGD-Glu-(natCu-NO2A)-6-Ahx-RM2]

2302.08 Da

ESI-MS molecular mass ( M + H+), [RGD-Glu-(Cu-NO2A)-6-Ahx-

2242.39 Da

RM2]
ESI-MS molecular mass ( M + H+), [RGD-Glu-(natCu-NO2A)-6-Ahx-

2303.64 Da

RM2]
[RGD-Glu-(natCu-NO2A)-6-Ahx-RM2] RP-HPLC tR

12.27 min

[RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2] RP-HPLC tR

12.35 min

IC50, [RGD-Glu-(natCu-NO2A)-6-Ahx-RM2], PC-3

3.09 ±0.34 nM

IC50, [RGD-Glu-(natCu-NO2A)-6-Ahx-RM2], U87-MG

518 ±37.5 nM
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Fig. 3.2: HPLC chromatographic profiles of [RGD-Glu-(natCu-NO2A)-6-Ahx-RM2] (tR = 12.27
min) and [RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2] (tR = 12.35 min).
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Fig. 3.3: Inhibitory concentration half maximum (IC50) [RGD-Glu-(natCu-NO2A)-6-Ahx-RM2]
IC50 = 3.09 ±0.34 nM) in human, prostate, PC-3 cells.
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Biodistribution studies of [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2] were performed in both
CF-1 normal mice and PC-3 tumor bearing mice at 1, 4, and 24 h p.i., and the results are listed in
Tables 3.2 and Table 3.3. For the CF-1 normal mice (Table 3.2), the tracer showed quick
clearance from the blood, with 0.09 ± 0.03% ID remaining at 4 h p.i. The tracer was voided
primarily through renal-urinary excretion pathway, which was confirmed by the high urine
clearances of 75% ID at 1 h p.i. Quick clearance of the tracer from GRPR-negative tissues and
minimal uptake in hepatic were observed. The uptake of [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2]
in pancreas was 4.70 ± 1.04% ID/g at 1 h p.i. and decreased to 0.71 ± 0.08 % ID/g at 4 h p.i. The
high pancreatic accumulation of the tracer at 1 h p.i. was expected due to the high density of
GRPR in mouse pancreatic tissue. Consequently, the pancreatic uptake of the tracer indicated
effective GRPR targeting for the tracer. Low liver uptake and accumulation were also observed
with 1.32 ± 0.27% ID/g at 1 h p.i. and 1.42 ± 0.17% ID/g at 4 h p.i., indicating effective in vivo
stability of the tracer.
Biodistribution data for [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2] in PC-3 tumor bearing
mice are listed in Tables 3.3. The tracer presented efficient clearance from the bloodstream, with
only 0.55 ± 0.13% ID remaining in whole blood at 1 h p.i. With the same primary route of
excretion that was comparable to that seen in the normal CF-1 mice, the uptake of the tracer in
renal tissue was determined to be 5.06 ± 1.13, 4.76 ± 1.92, and 2.43 ± 0.81% ID/g, at 1, 4 and 24
h p.i., respectively. The tracer showed moderately high accumulation and retention in liver as
compared to that observed in normal CF-1 mice, with 2.65 ± 0.55% ID/g at 1 h p.i. and 2.44 ±
0.39% ID/g at 24 p.i. Additionally, the pancreatic uptake of the tracer in PC-3 tumor bearing
mice at 1 h p.i. was 8.09 ± 1.29% ID/g, which nearly doubled the pancreatic uptake of the tracer
in normal CF-1 mice at 1 h p.i. The uptake of the tracer was found to be high in the xenografted
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PC-3 tumors, achieving maximum of 6.37 ± 1.23% ID/g at 4 h p.i. and remaining 4.26 ± 1.23%
ID/g at 24 h p.i. The retention of the dose in the tumors surpassed that of all normal tissues
including those GRPR-positive organs such as the pancreas and intestines. [RGD-Glu-[64CuNO2A]-6-Ahx-RM2] showed larger portion of dose (~ 87%) remained in tumor at 24 h p.i. as
compared to the agonist
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Cu-NO2A-RGD-Glu-6-Ahx-BBN conjugate (~60%) studied

previously, while only ~6% of the radioactively was retained in normal pancreas at the same
time interval as compared to the agonist (~24%). These results indicate that the antagonist-based
ligands have superior behavior in faster clearance from normal tissues, higher tumor uptake and
retention.
The results of microPET/microCT imaging studies of [RGD-Glu-[64Cu-NO2A]-6-AhxRM2] in PC-3 tumor-bearing, SCID mice are presented in Fig. 3.4. PC-3 xenografted tumors
were clearly observable from all other tissues at 4 h p.i., producing high-quality, high-contrast
microPET images with excellent tumor-to-background ratios. In comparison, many of the highquality microPET images in our laboratory were obtained at the 15–18 h time-point. Minimal
collateral radioactivity in non-target tissues was shown at 4 h p.i., indicating the propensity of the
RGD sequence to possibly facilitate excretion and clearance from these tissues to create highquality, high-contrast images at an earlier time-point.
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Table 3.2. Biodistribution studies of [RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2] in CF-1 normal
mice at 1, 4 and 24 h p.i. (%ID/g ±SD, n=5).
1h

4h

24 h

Heart

0.35 ±0.12

0.54 ±0.40

0.39 ±0.04

Lung

0.98 ±0.17

0.83 ±0.35

0.78 ±0.19

Liver

1.32 ±0.27

1.42 ±0.17

1.38 ±0.19

Kidneys

3.54 ±0.56

2.53 ±0.37

1.15 ±0.07

Spleen

1.00 ±0.27

0.69 ±0.12

0.61 ±0.15

Stomach

1.63 ±0.41

1.08 ±0.47

0.64 ±0.22

S. Intestine

2.20 ±0.56

1.43 ±0.55

0.72 ±0.20

L. Intestine

1.01 ±0.14

2.30 ±0.40

0.91 ±0.20

Muscle

0.32 ±0.11

0.15 ±0.05

0.10 ±0.03

Bone

0.88 ±0.26

0.71 ±0.16

0.39 ±0.11

Brain

0.05 ±0.02

0.04 ±0.01

0.08 ±0.03

Pancreas

4.70 ±1.04

0.71 ±0.08

0.38 ±0.08

Blood*

0.24 ±0.04

0.09 ±0.03

0.13 ±0.02

Urine*

75.2 ±3.47

82.5 ±2.86

84.7 ±2.68

Bladder

2.34 ±1.15

1.31 ±0.46

0.39 ±0.36

*Data presented as % ID
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Table 3.3. Biodistribution studies of [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2] in PC-3 tumorbearing SCID mice at 1, 4 and 24 h p.i. (%ID/g ± SD, n=5).
1h

4h

24 h

Heart

0.99 ±0.53

0.73 ±0.26

0.79 ±0.11

Lung

1.65 ±0.29

1.56 ±0.26

1.21 ±0.22

Liver

2.65 ±0.55

3.22 ±0.92

2.44 ±0.39

Kidneys

5.06 ±1.13

4.76 ±1.92

2.43 ±0.81

Spleen

2.56 ±0.90

3.13 ±1.65

2.17 ±0.72

Stomach

2.21 ±0.47

2.04 ±1.29

0.74 ±0.47

S. Intestine

3.64 ±0.61

3.12 ±1.62

2.17 ±0.72

L. Intestine

1.39 ±0.47

4.20 ±1.55

2.37 ±2.13

Muscle

0.44 ±0.11

0.45 ±0.21

0.26 ±0.13

Bone

0.89 ±0.14

0.84 ±0.41

0.68 ±0.50

Brain

0.08 ±0.02

0.09 ±0.05

0.08 ±0.03

Pancreas

8.09 ±1.29

1.95 ±0.93

0.64 ±0.26

Blood*

0.55 ±0.13

0.30 ±0.08

0.36 ±0.08

Urine*

69.4 ±5.28

76.1 ±6.48

79.1 ±2.66

Tumor

4.86 ±1.01

6.37 ±1.68

4.26 ±1.23

*Data presented as % ID
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Fig. 3.4: Maximum intensity microPET tumor and microCT skeletal fusion coronal whole body
image of a PC-3 tumor bearing SCID mouse at 4 h after tail vein injection of [RGD-Glu-(64CuNO2A)-6-Ahx-RM2].
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3.4

CONCLUSION
In this study, [RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2], a bivalent ligand with the capability

of recognizing both GRPR and integrin αVβ3 biomarkers that are co-expressed on the surface of
most prostate cancer cells, was produced, characterized, evaluated in vitro and in vivo.
MicroPET imaging investigations at 4 h p.i. produced high-quality, high-contrast, whole body
images with minimal tracer present in surrounding, collateral, abdominal tissues. The high
selectivity and retention of this tracer for tumor tissue support previous studies that suggest the
superiority of radiolabeled antagonists over agonists to be used for molecular imaging of human
cancers.
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Chapter 4: GALLIUM-67/GALLIUM-68/COPPER-64 DOTA RGD/RM2 BIVALENT
LIGAND FOR POTENTIAL DIAGNOSTIC IMAGING OF PROSTATE CANCER
4.1

INTRODUCTION
The mammalian gastrin releasing peptide receptor (GRPR), as a subtype of the BBN

receptor family, is found to be highly expressed in a variety of human cancers including
pancreatic, breast, colon, and prostate cancer [1-5]. BBN, bombesin, is a tetradecapeptide
analogue of human GRP and thus has high binding affinity for the GRPR [6]. RM2 is an
antagonist analogue of BBN with high binding affinity to the GRPR and the research of BBN
antagonists has shown superior biodistribution and imaging when compared to BBN agonists [711]. The αvβ3 integrin, a member of the integrin receptor family is another target of great interest
due to its important roles in the modulation of cell migration and survival during angiogenesis,
potentially facilitating metastatic invasion of the tumor cells across the blood vessels, and its
moderate expression in a number of cancers such as malignant melanoma, glioblastoma, breast,
and prostate tumors [12-14]. In this project, the BBN antagonist analogue, RM2 (Fig. 1.4), was
used as the GRPR targeting motif, and a cyclic five amino acid moiety abbreviated as c(RGDyK),
RGD (Fig. 1.6), with the strong binding affinity to αvβ3 was used as the αvβ3 integrin targeting
motif for the bivalent ligand.

64

Cu and

68/67

Ga was used to radiolabel the bivalent ligand to

produce the tracer for biological evaluations. DOTA (Fig. 1.9) was used as the chelating agents
for linking radionuclides to the bivalent ligand.
4.1.1 Specific Aims
The goal of this project was to produce, purify, characterize, and evaluate, both in vitro
and in vivo, a GRPR/αvβ3 dual-targeting peptide conjugate ligand labeled with copper-64 and

68

Gallium-68. A comparative study was conducted with the copper-64 DOTA and the Gallium-67
DOTA conjugate in terms of in vitro and in vivo stabilities.
4.2

EXPERIMENTAL

4.2.1 Materials
[RGD-Glu-(DO3A)-6-Ahx-RM2],

[Cyclo(Arg-Gly-Asp-DTyr-Lys)-(DO3A)-Glu-(6-

Ahx-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2], was purchased from CPC Scientific
(Sunnyvale, CA, USA).
(Ottawa, Canada).

64

67

GaCl3 in 0.1 M HCl solution was purchased from MDS Nordion

CuCl2 was purchased as a 0.1 M HCl solution from the University of

Wisconsin-Madison (Madison, WI). All other reagents or solvents were purchased from Fisher
Scientific (Pittsburgh, PA, USA) or Sigma-Aldrich Chemical Company (St. Louis, MO, USA)
and used without further purification.

125

I-[Tyr4]-BBN and

125

I-Echistatin were purchased from

Perkin-Elmer (Waltham, MA, USA). PC-3 cells were obtained from American Type Culture
Collection and were maintained by the University of Missouri Cell and Immunobiology Core
Facility (Columbia, MO).
4.2.2 Metallation of [RGD-Glu-(DO3A)-6-Ahx-RM2] with nat/67/68Ga and nat/64Cu
The metallation of each conjugate was performed following the procedure in a previously
published paper [15] with some modifications. Briefly, [RGD-Glu-(natGa-DO3A)-6-Ahx-RM2]
was produced by adding natural GaCl3 in 0.05 N HCl (90 nmol) to purified [RGD-Glu-(DO3A)6-Ahx-RM2] peptide conjugate (89 nmol) which was dissolved in 0.1M sodium acetate (250 µl).
The pH of the reaction mixture was adjusted to approximately 5.0 by the addition of 1% NaOH.
The mixture was incubated for 15 min at 90 ºC and then 50 µl of 10 mM
diethylenetriaminepentaacetic acid (DTPA) solution was added to scavenge unbound metal. The
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metallated conjugate, [RGD-Glu-(natGa-DO3A)-6-Ahx-RM2], was purified by RP-HPLC and
characterized by ESI-MS prior to in vitro receptor binding assays.
The radiolabeled ligand, [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2], was synthesized by the
reaction of [RGD-Glu-(DO3A)-6-Ahx-RM2] (50 µg, 200 µl 0.1 M sodium acetate) with 67GaCl3
(~92.5 MBq, ~2.5 mCi) in 0.05 N HCl for 30 min at 90 ºC (pH = 5.0). Fifty µl of 10 mM DTPA
solution was added to scavenge any remaining gallium metal ion. The 67Ga-radiolabeled peptide
was purified via RP-HPLC and collected into 100 µl of 1 mg/ml bovine serum albumin (BSA)
prior to in vitro, in vivo, and imaging assays. Acetonitrile was removed under a steady stream of
nitrogen and the radiochemical purity was assessed by RP-HPLC.
[RGD-Glu-(natCu-DO3A)-6-Ahx-RM2] was produced by adding natural CuCl2•2H2O in
0.05 N HCl (90 nmol) to purified [RGD-Glu-(DO3A)-6-Ahx-RM2] peptide conjugate (89 nmol,
250 µl 0.4M ammonium acetate). The pH of the reaction mixture was adjusted to approximately
7.0 by the addition of 1% NaOH. The mixture was incubated for 1 h at 70 ºC and then 50 µl of
10 mM DTPA solution was added to scavenge unbound metal. The metallated conjugate, [RGDGlu-(natCu-DO3A)-6-Ahx-RM2], was purified by RP-HPLC and characterized by ESI-MS prior
to in vitro receptor binding assays.
The radiolabeled ligand, [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2], was synthesized by the
reaction of [RGD-Glu-(DO3A)-6-Ahx-RM2] (50 µg, 200 µl 0.4 M ammonium acetate) with
64

CuCl2 (~92.5 MBq, ~2.5 mCi) in 0.05 N HCl for 1 h at 70 ºC (pH = 7.0). Fifty µl of 10 mM

DTPA solution was added to scavenge any remaining copper metal ion. The

64

Cu-radiolabeled

peptide was purified via RP-HPLC and collected into 100 µl of 1 mg/ml BSA prior to in vitro, in
vivo, and imaging assays. Acetonitrile was removed under a steady stream of nitrogen and the
radiochemical purity was assessed by RP-HPLC.
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4.2.3 RP-HPLC and MS Analysis of Non-metallated and Metallated [RGD-Glu-(DO3A)6-Ahx-RM2]
The unmetallated peptide conjugates and metallated complexes were purified via RPHPLC performed on an SCL-10A HPLC system (Shimadzu, Kyoto, Japan) employing a binary
gradient system [Solvent A=99.9% DI water with 0.1% trifluoroacetic acid (TFA); Solvent
B=99.9% acetonitrile containing 0.1% TFA], programmed with a linear gradient of 25:75 A/B to
35:65 A/B gradient over 15 min (followed by an additional 10 min at 5:95 A/B). Samples were
eluted from an analytical C-18 reversed-phase column (Phenomenex Jupiter Proteo, 250 × 4.60
mm, 5 µm; Phenomenex, Torrance, CA, USA) maintained at 34 ºC via an Eppendorf TC-50
column heater and observed using an in-line Shimadzu SPD-10A UV-vis tunable absorbance
detector (λ = 280 nm) and an in-line, EG&G Ortec NaI solid crystal scintillation detector (EG&G,
Salem, MA, USA). EZStart software (7.4.3; Shimadzu, Kyoto, Japan) was used to accomplish
data acquisition of both signals. Purified compounds were lyophilized in a CentriVap system
(Labconco, Kansas City, MO, USA). ESI-MS analyses were performed in the laboratory of Dr.
Fabio Gallazzi at the University of Missouri, Department of Chemistry, Columbia, MO, USA.
4.2.4 In Vitro Competitive Displacement Binding Assays of [RGD-Glu-(natGa/natCuDO3A)-6-Ahx-RM2] in GRPR-expressing PC-3 Cells and αVβ3-expressing U87-MG
Cells
The IC50 values of [RGD-Glu-(natGa/natCu-DO3A)-6-Ahx-RM2] were obtained by
competitive displacement binding assays using GRPR-expressing, human PC-3 prostate cancer
cells (~3 × 104 cells/tube, suspended in DMEM/F-12 K) incubated with ~20,000 cpm of

125

I-

[Tyr4]-BBN and increasing concentrations of each cold metal labeled conjugate (10-12 M to 10-5
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M) for 1 h at 37 ºC in a 5% CO2-enriched atmosphere. The medium was aspirated after
incubation, and the cells washed three times with cold cell medium (pH = 7, 0.2% BSA in
DMEM + HEPES). A Packard Riastar multiwall gamma counting system was utilized to
measure cell-associated radioactivity. The dissociation curves and IC50 values were generated via
Origin 8.5 software. The experiments were carried out in triplicate, and the average of the trials
was used as the final IC50 value.
Similarly, competitive displacement binding assays were also performed to determine the
IC50 values of each conjugate for the αvβ3 integrin using αvβ3-expressing, human glioblastoma
U87-MG cells and

125

I-Echistatin as the radioligand. Briefly, U87-MG cells (9 × 104 cells/well)

were seeded in Millipore 96-well filter multiscreen DV plates (0.65 µm pore size) and incubated
at 25 ºC for 2 h with approximately 30,000 cpm of

125

I-Echistatin in the presence of increasing

concentrations (10-12 M to 10-5 M) of [RGD-Glu-(natGa/natCu-DO3A)-6-Ahx-RM2] in 0.2 ml of
binding medium. Following the incubation, plates were filtered through a multiscreen vacuum
manifold and rinsed twice with 0.5 ml of ice cold pH 7.4, 0.2% BSA/0.01M PBS. The
hydrophilic polyvinylidenedifluoride (PVDF) filters were collected and the radioactivity was
measured in a Wallac 2480 automated gamma counter (PerkinElmer, NJ, USA). The IC50 values
were calculated as previously described [15, 16]. As a control, the IC50 of cyclo-RGD was also
measured in U87-MG cells using 125I-Echistatin as the radioligand.
4.2.5 In Vivo Assays of [RGD-Glu-(67Ga/64Cu-DO3A)-6-Ahx-RM2]
4.2.5.1 Biodistribution Studies of [RGD-Glu-(67Ga/64Cu-DO3A)-6-Ahx-RM2] in CF-1
Normal Mice and in PC-3 Tumor-bearing SCID Mice
All animal studies were conducted in compliance with the highest standards of care as
outlined in the NIH Guide for the Care and Use of Laboratory Animals and the Policy and
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Procedures for Animal Research at the Truman VA Hospital, Columbia, MO, USA. Male, 4-5
week-old CF-1 mice and Institute of Cancer Research severe combined immunodeficient (ICRSCID) mice were received from Taconic Farms (Germantown, NY, USA), housed four per cage
in a ventilated rack system under temperature- and humidity-controlled environments with a 12 h
light/12 h dark schedule, and fed ad libitum irradiated rodent chow (Ralston Purina 300
Company, St. Louis, MO, USA) and acidified water. For tumor inoculations, bilateral
subcutaneous flank injections of approximately 5 × 106 PC-3 cells per 100 µl of Dulbecco’s
Phosphate-Buffered Saline (DPBS, Gibco) were performed on the SCID mice which were
anesthetized with isoflurane (Baxter Healthcare Corp., Deerfield, IL, USA) at a rate of 2.5% with
0.4 L oxygen supplied through a nonrebreathing anesthesia vaporizer first. Tumors were allowed
to grow 2-3 weeks post inoculation and developed to range in mass from 0.03 g to 0.50 g.
Biodistribution studies were performed in CF-1 and SCID mice after tail vein injection with ~8.5
µCi (~0.31 MBq) of [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2] or ~37.5 µCi (~1.39 MBq) of
[RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2] in 100 µl of 0.9% NaCl. Mice were sacrificed at 1 h, 4 h
or 24 h post-injection (p.i.) and tissues, organs, and urine were collected, weighed, and counted
in a NaI well counter. The percent injected dose (%ID) and the percent injected dose per gram
(%ID/g) were calculated with the assumption that the whole blood volume was estimated to be
6.5% of the total body weight.
4.2.5.2 MicroSPECT/microCT Imaging Studies of [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2]
and MicroPET/microCT Imaging Studies of [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2]
in PC-3 Tumor-bearing SCID Mice
Maximum intensity microSPECT coronal and axial images were obtained on a Siemens
INVEON small animal, dedicated SPECT/CT unit (Siemens, Nashville, TN, USA) at 18 h p.i.
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according to published procedures [15, 16]. ~850 µCi (~31.45 MBq) of [RGD-Glu-(67GaDO3A)-6-Ahx-RM2] in 100-200 µl of 0.9% NaCl was delivered to each PC-3 tumor-bearing
mouse via tail vein injection. Micro-computed tomography (microCT) coronal images were also
obtained on the Siemens INVEON small-animal CT unit following microSPECT imaging for
fusing the anatomic and molecular data. The microCT images were acquired, and concurrent
image reconstruction was achieved using a conebeam (Feldkamp) filtered, back-projection
algorithm. The raw, reconstructed microSPECT datasets were imported into the INVEON
Research Workstation software for subsequent image fusion with the microCT image data and
3D visualization.
Maximum intensity microPET coronal and axial images were obtained on a Siemens
INVEON small animal, dedicated PET/CT unit (Siemens, Nashville, TN, USA) at 18 h p.i.
according to published procedure [15, 16]. ~950 µCi (~35.15 MBq) of [RGD-Glu-(64Cu-DO3A)6-Ahx-RM2] in 100-200 µl of 0.9% NaCl was delivered to each PC-3 tumor-bearing mouse
through the tail vein injection. Micro-computed tomography (microCT) coronal images were
also obtained on the Siemens INVEON small-animal CT unit following microPET imaging for
fusing the anatomic and molecular data. The microCT images were acquired, and concurrent
image reconstruction was achieved using a conebeam (Feldkamp) filtered, back-projection
algorithm. The raw, reconstructed microSPECT datasets were imported into the INVEON
Research Workstation software for subsequent image fusion with the microCT image data and
3D visualization.
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4.3

RESULTS AND DISCUSSION
In this study, [RGD-Glu-(natGa/natCu-DO3A)-6-Ahx-RM2] were synthesized via

metallation of [RGD-Glu-(DO3A)-6-Ahx-RM2] (Fig. 4.1) with natural Ga/Cu, purified by RPHPLC, and characterized by ESI-MS. The mass spectrometry results of each conjugate were
consistent with the calculated molecular weights (Table 4.1), which verified the identity of the
expected complexes. The

67

Ga- or

64

Cu- radiolabeled conjugates were produced in high

radiochemical yield (>95%), which was determined by RP-HPLC analysis. There existed only
slight differences in retention times between the non-metallated ligand (10.8 min) and the
corresponding metallated ligands (~11.5 min), presumably due to similarities in the structures of
the compounds as well as slight change in charge density and atomic mass after coordinating
different metals via the DOTA chelator. The RP-HPLC profiles of [RGD-Glu-(67Ga/64CuDO3A)-6-Ahx-RM2] (Fig. 4.2) showed no significant changes in the traces of either compound
for the 0-24 h time points and thus indicated sufficiently good serum stability for further in vivo
investigations.
In vitro competitive binding assays for [RGD-Glu-(natGa/natCu-DO3A)-6-Ahx-RM2]
were carried out in PC-3 cells and U87-MG cells, and typical sigmoidal curves demonstrating
displacement of radioactive competitors from cells as a function of increasing concentration of
naturally metallated conjugates were generated (Fig. 4.3 and Fig. 4.4). The IC50 values of
nonmetallated and metallated conjugates are listed in Table 4.1. Both metallated conjugates,
[RGD-Glu-(natGa/natCu-DO3A)-6-Ahx-RM2], exhibited high binding affinity towards the GRPR
with slightly superior IC50 values in the nanomolar range (7.78 ± 2.42 nM for
8.64 ± 2.16 nM for

nat

nat

Ga-conjugate;

Cu-conjugate) when compared to the nonmetallated conjugate (IC50 of

9.26 ± 0.01 nM). Consequently, the binding affinities of the complexes for the αvβ3 integrin were
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tested in U87-MG cells, which express a high level of the αvβ3 integrin [17]. The results from the
studies on U87-MG showed IC50 values of 307 ± 0.00 nM for the natGa-conjugate and 308 ± 42.6
nM for the

nat

Cu-conjugate, suggesting only moderate specific binding to the αvβ3 integrin. This

was not unexpected according to the IC50 values of other reported targeting vectors towards the
integrin receptor in U87-MG cells [15, 16].
Biodistribution studies of [RGD-Glu-(67Ga/64Cu-DO3A)-6-Ahx-RM2] were performed in
both CF-1 normal mice and PC-3 tumor bearing mice at 1, 4, and 24 h p.i., and the results are
listed in Tables 4.2, Table 4.3, Table 4.4 and Table 4.5. For the CF-1 normal mice (Tables 4.2
and Table 4.3), the

67

Ga-labeled ligand showed quick clearance from the blood, with 0.10 ±

0.09 %ID remaining at 4 h p.i. and 0.02 ± 0.02 %ID at 24 h p.i. However, the

64

Cu-labeled

ligand, by comparison, displayed slower washout from the blood, with 0.25 ± 0.04 %ID
remaining at 4 h p.i. and 0.25 ± 0.09 %ID at 24 h p.i. High urine clearances of 65.82 ± 3.34 %ID
and 69.67 ± 3.34 %ID at 1 h p.i. confirmed that both radiolabeled ligands were voided through
renal excretion. High uptake of [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2] in pancreas at 1 h p.i.
was observed due to high expression of the GRPR in mouse pancreas, indicating binding
specificity of the ligand for the GRPR. Rapid clearance from pancreas occurred subsequently
with 11.11 ±1.37 %ID/g at 1 h p.i. and 0.79 ±0.20 %ID/g at 4 h p.i. Uptake of [RGD-Glu-(64CuDO3A)-6-Ahx-RM2] in pancreas was only 2.68 ± 0.37 %ID/g at 1 h p.i. and decreased to 0.58 ±
0.04 %ID/g at 4 h p.i. The 67Ga-peptide exhibited low hepatic uptake and retention, while [RGDGlu-(64Cu-DO3A)-6-Ahx-RM2] exhibited accumulation in liver with 2.29 ± 0.31 %ID/g at 1 h
p.i., increasing to 2.52 ± 0.32 %ID/g at 4 h p.i., and remaining at 2.30 ± 0.50 %ID/g at 24 h p.i.
The high uptake and prolonged retention of
low in vivo stability of

64

64

Cu-ligand in liver was not unexpected due to the

Cu-DOTA complex. Although DOTA forms a thermodynamically
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stable complex with the copper (II) cation, studies have demonstrated that the Cu(II)-DOTA
complex does not have sufficiently strong kinetic inertness [18]. Consequently, loss of 64Cu from
the ligand can occur in vivo due to transchelation by proteins such as superoxide dismutase
(SOD), which can result in 64Cu accumulation in liver [19].
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Fig. 4.1: Chemical structure of [RGD-Glu-(Ga/Cu-DO3A)-6-Ahx-RM2] antagonist.
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Table 4.1. Mass spectrometry, IC50, and RP-HPLC data for [RGD-Glu-(DO3A)-6-Ahx-RM2],
[RGD-Glu-(nat/64Cu-DO3A)-6-Ahx-RM2], and [RGD-Glu-(nat/67/68Ga-DO3A)-6-Ahx-RM2].

Molecular formula [RGD-Glu-[DO3A]-6-Ahx-RM2]

C109H163N29

Molecular formula [RGD-Glu-[Cu-DO3A]-6-Ahx-RM2]

C109H163CuN29

Molecular formula [RGD-Glu-[Ga-DO3A]-6-Ahx-RM2]

C109H163GaN29

Calculated molecular mass, [RGD-Glu-[DO3A]-6-Ahx-RM2]

2343.64 Da

Calculated molecular mass, [RGD-Glu-[natCu-DO3A]-6-Ahx-RM2]

2405.17 Da

Calculated molecular mass, [RGD-Glu-[natGa-DO3A]-6-Ahx-RM2]

2411.34 Da

ESI-MS molecular mass ( M + H+), [RGD-Glu-[DO3A]-6-Ahx-RM2]

2344.86 Da

ESI-MS molecular mass ( M + H+), [RGD-Glu-[natCu-DO3A]-6-Ahx- 2405.47 Da
RM2]
ESI-MS molecular mass ( M + H+), [RGD-Glu-[natGa-DO3A]-6-Ahx- 2411.81 Da
RM2]
[RGD-Glu-[DO3A]-6-Ahx-RM2] RP-HPLC tR

10.8 min

[RGD-Glu-[ natCu-DO3A]-6-Ahx-RM2] RP-HPLC tR

11.3 min

[RGD-Glu-[ 64Cu-DO3A]-6-Ahx-RM2] RP-HPLC tR

11.4 min

[RGD-Glu-[ natGa-DO3A]-6-Ahx-RM2] RP-HPLC tR

11.2 min

[RGD-Glu-[ 67/68Ga-DO3A]-6-Ahx-RM2] RP-HPLC tR

11.3 min

IC50, [RGD-Glu-[DO3A]-6-Ahx-RM2], PC-3

9.26 ±0.01 nM

IC50, [RGD-Glu-[ natCu-DO3A]-6-Ahx-RM2], PC-3

8.64 ±2.16 nM

IC50, [RGD-Glu-[ natGa-DO3A]-6-Ahx-RM2], PC-3

7.78 ±2.42 nM

IC50, [RGD-Glu-[DO3A]-6-Ahx-RM2], U87-MG

321 ±82.0 nM

IC50, [RGD-Glu-[ natCu-DO3A]-6-Ahx-RM2], U87-MG

308 ±0.0 nM

IC50, [RGD-Glu-[ natGa-DO3A]-6-Ahx-RM2], U87-MG

307 ±0.0 nM
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Fig. 4.2: HPLC chromatographic profiles of serum stability studies for [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2] and [RGD-Glu-(64CuDO3A)-6-Ahx-RM2
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Fig. 4.3: Half-maximal inhibitory concentrations (IC50) for [RGD-Glu-(natGa-DO3A)-6-Ahx-RM2] (IC50 = 7.78 ± 2.42 nM, left) and
[RGD-Glu-(natCu-DO3A)-6-Ahx-RM2] (IC50 = 8.64 ±2.16 nM, right) in human prostate PC-3 cells (n = 4).
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Fig. 4.4: Half-maximal inhibitory concentrations (IC50) for [RGD-Glu-(natGa-DO3A)-6-Ahx-RM2] (IC50 = 307 ± 0.0 nM, left) and
[RGD-Glu-(natCu-DO3A)-6-Ahx-RM2] (IC50 = 308 ±0.0 nM, right) in human glioblastoma U87-MG cells (n = 4).
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Biodistribution data for [RGD-Glu-(67Ga/64Cu-DO3A)-6-Ahx-RM2] in PC-3 tumor
bearing mice are listed in Tables 4.4 and Table 4.5. Both the

67

Ga-labeled and the

64

Cu-labeled

conjugates were cleared from the blood rapidly via the renal-urinary pathway. The uptake of
[RGD-Glu-(67Ga/64Cu-DO3A)-6-Ahx-RM2] was found to be high in the implanted tumors, with
7.44 ± 1.09 %ID/g for the

67

Ga-ligand and 10.85 ± 4.02 %ID/g for the

64

Cu-ligand at 1 h p.i.

Moreover, good retention in tumors was also achieved with 7.23 ± 1.12 %ID/g and 4.89 ±
1.11 %ID/g at 4 h p.i. and 24 h p.i. for the 67Ga-ligand. In spite of the higher uptake in tumor at 1
h p.i., the 64Cu-ligand exhibited similarly favorable retentions in tumors, with 6.89 ± 2.00 %ID/g
and 4.09 ± 0.96 %ID/g at 4 h p.i. and 24 h p.i., respectively. The radioactivity washed out from
normal tissues rapidly with the exception of the liver. Retention of

64

Cu-ligand in liver tissue

remained at 1.46 ± 0.39 %ID/g and 1.75 ± 0.35 %ID/g, 4 h p.i. and 24 h p.i., respectively.
Furthermore, an increase of radioactivity accumulation in the large intestine was obtained using
the

64

Cu-ligand as the radiotracer, with 0.87 ± 0.21 %ID/g at 1 h p.i., increasing to 1.73 ±

0.58 %ID/g and 1.50 ± 0.26 %ID/g for 4 and 24 h p.i., respectively. In contrast, the

67

Ga-ligand

possessed significantly lower uptake in the liver throughout the study and superior clearance
from non-target tissues. Additionally, the

67

(3.70 ± 0.42 %ID/g) at 1 h p.i. than the

64

Ga-ligand complex showed lower kidney uptake

Cu-ligand complex (4.92 ± 0.92 %ID/g), but the

residual dose in the kidney decreased to low levels for both radioligands, with 1.06 ± 0.26 %ID/g
and 1.15 ± 0.09 %ID/g at 24 h p.i., respectively. Table 4.6 shows tumor-to-non-target tissue
ratios. The tumor-to-liver ratio of [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2], with an initial value of
4.30 at 1 h p.i., reached its highest value of 5.33 at 4 h p.i. and decreased to 2.46 at 24 h p.i. By
comparison, with a much higher initial value of 9.90 at 1 h p.i., [RGD-Glu-(67Ga-DO3A)-6-AhxRM2] possessed its highest value of 10.90 at 4 h p.i. and maintained at a satisfactory ratio of 8.71
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at 24 h p.i. The same trend was also observed in the tumor-to large intestine ratio. The tumor-toL.intestine of [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2] reached its highest value of 11.39 at 1 h
p.i., and decreased to 4.42 and 2.81 at 4 and 24 h p.i., respectively. However, the tumor-to-large
intestine value of [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2], with an initial value of 7.54 at 1 h p.i.,
decreased to 5.41 at 4 h p.i. and reached its highest value of 8.18 at 24 h p.i. The much lower
tumor to non-target tissue ratios, such as the large intestine and liver ratios of the 64Cu-ligand as
compared to the 67Ga-ligand, offer additional strong support that 64Cu(II)-DOTA complex is not
as stable in vivo as the

67

Ga(III)-DOTA complex, probably due to its relatively low kinetic

stability and the comparatively loose fitting of DOTA to the Cu (II) ion.
The results of microSPECT/microCT imaging studies for [RGD-Glu-(67Ga-DO3A)-6Ahx-RM2] in PC-3 tumor-bearing, SCID mice are presented in Fig. 4.5. The results of
microPET/microCT imaging studies for [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2] in PC-3 tumorbearing, SCID mice are also presented in Fig. 4.6. Compared to the 64Cu-ligand, the 67Ga-ligand
provided lower background retention in non-tumor tissue. Xenografted tumors were clearly
observable from all other tissues at 18 h p.i. The results of imaging studies are consistent with
the results of the biodistribution studies. Higher non-target abdominal tissue uptake and retention
of the 64Cu-ligand complex consequently decrease the corresponding tumor to non-target normal
tissue ratios, thus increasing background noise in the microPET/microCT image. Additionally,
[RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2], compared to [RGD-Glu-(64Cu-NO2A)-6-Ahx-RM2]
discussed in the last chapter, displayed much larger abdominal radiation, which provided strong
evidence of the instability of

64

Cu-DOTA complex in vivo, indicating NOTA is superior to

DOTA as a suitable chelating agent for 64Cu.
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Table 4.2. Biodistribution studies of [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2] in CF-1 normal
mice at 1, 4 and 24 h p.i. (%ID/g ±SD, n=5).

Heart
Lung
Liver
Kidneys
Spleen
Stomach
S. Intestine
L. Intestine
Muscle
Bone
Brain
Pancreas
Blood*
Urine*
*Data presented as % ID

1h
0.35 ±0.09
0.70 ±0.12
0.77 ±0.12
4.10 ±1.31
1.06 ±0.61
1.99 ±1.74
2.84 ±1.43
1.05 ±0.27
0.25 ±0.20
0.71 ±0.28
0.04 ±0.04
11.11 ±1.37
0.60 ±0.22
65.82 ±3.34

4h
0.23 ±0.21
0.45 ±0.12
0.75 ±0.12
2.45 ±0.23
0.96 ±0.49
0.75 ±0.22
0.91 ±0.18
1.54 ±0.21
0.13 ±0.12
0.52 ±0.16
0.08 ±0.05
0.79 ±0.20
0.10 ±0.09
73.57 ±5.05

24 h
0.11 ±0.13
0.29 ±0.16
0.32 ±0.05
0.67 ±0.09
0.56 ±0.17
0.34 ±0.06
0.64 ±0.10
0.45 ±0.15
0.15 ±0.03
0.27 ±0.18
0.03 ±0.03
0.42 ±0.13
0.02 ±0.02
92.40 ±3.29

Table 4.3. Biodistribution studies of [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2] in CF-1 normal
mice at 1, 4 and 24 h p.i. (%ID/g ±SD, n=5).

Heart
Lung
Liver
Kidneys
Spleen
Stomach
S. Intestine
L. Intestine
Muscle
Bone
Brain
Pancreas
Blood*
Urine*
*Data presented as % ID

1h
0.63 ±0.12
1.28 ±0.30
2.29 ±0.31
6.03 ±1.77
0.95 ±0.19
2.06 ±0.75
2.15 ±0.09
1.19 ±0.22
0.32 ±0.05
1.43 ±0.64
0.07 ±0.02
2.68 ±0.37
0.78 ±0.20
69.67 ±3.34

4h
0.45 ±0.11
1.23 ±0.26
2.52 ±0.32
3.98 ±0.77
0.98 ±0.19
1.52 ±0.39
1.84 ±0.44
5.29 ±3.31
0.15 ±0.04
0.63 ±0.11
0.05 ±0.01
0.58 ±0.04
0.25 ±0.04
73.57 ±5.05
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24 h
0.43 ±0.04
1.00 ±0.19
2.30 ±0.50
1.16 ±0.21
0.66 ±0.13
0.70 ±0.15
1.06 ±0.19
1.26 ±0.49
0.14 ±0.03
0.40 ±0.28
0.07 ±0.01
0.37 ±0.06
0.25 ±0.09
73.07 ±3.29

Table 4.4. Biodistribution studies of [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2] in PC-3 tumorbearing SCID mice at 1, 4 and 24 h p.i. (%ID/g ± SD, n=5).

Heart
Lung
Liver
Kidneys
Spleen
Stomach
S. Intestine
L. Intestine
Muscle
Bone
Brain
Pancreas
Blood*
Urine*
Tumor
*Data presented as % ID

1h
0.63 ±0.47
0.97 ±0.21
0.84 ±0.11
3.70 ±0.42
2.19 ±0.78
1.02 ±0.35
2.75 ±0.24
1.05 ±0.23
0.36 ±0.11
1.48 ±0.57
0.07 ±0.04
15.84 ±3.10
0.77 ±0.11
71.29 ±9.10
7.44 ±1.09

4h
0.39 ±0.18
0.54 ±0.31
0.68 ±0.14
2.34 ±0.73
1.73 ±1.34
0.48 ±0.19
0.92 ±0.14
1.56 ±0.73
0.17 ±0.05
1.01 ±0.90
0.05 ±0.03
1.17 ±0.32
0.08 ±0.07
84.96 ±0.79
7.23 ±1.12

24 h
0.14 ±0.04
0.41 ±0.10
0.58 ±0.12
1.06 ±0.26
1.91 ±2.51
0.48 ±0.20
0.66 ±0.14
0.63 ±0.11
0.55 ±0.85
0.54 ±0.56
0.06 ±0.09
0.33 ±0.06
0.03 ±0.02
85.53 ±1.29
4.89 ±1.11

Table 4.5. Biodistribution studies of [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2] in PC-3 tumorbearing SCID mice at 1, 4 and 24 h p.i. (%ID/g ± SD, n=5).

Heart
Lung
Liver
Kidneys
Spleen
Stomach
S. Intestine
L. Intestine
Muscle
Bone
Brain
Pancreas
Blood*
Urine*
Tumor
*Data presented as % ID

1h
0.62 ±0.11
1.54 ±0.11
2.26 ±0.30
4.92 ±0.92
2.43 ±2.02
0.77 ±0.32
2.01 ±0.44
0.87 ±0.21
0.31 ±0.07
0.77 ±0.28
0.06 ±0.01
2.10 ±0.29
0.65 ±0.20
72.67 ±26.72
10.85 ±4.02

4h
0.41 ±0.10
1.00 ±0.30
1.46 ±0.39
2.37 ±0.18
1.57 ±0.71
0.28 ±0.10
0.98 ±0.27
1.73 ±0.58
0.16 ±0.07
0.43 ±0.13
0.04 ±0.01
0.41 ±0.09
0.21 ±0.08
84.61 ±1.01
6.89 ±2.00
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24 h
0.35 ±0.14
0.74 ±0.16
1.75 ±0.35
1.15 ±0.09
0.79 ±0.21
0.56 ±0.25
0.77 ±0.08
1.50 ±0.26
0.14 ±0.03
0.39 ±0.11
0.05 ±0.00
0.39 ±0.05
0.35 ±0.20
79.95 ±0.95
4.09 ±0.96

Table 4.6. Tumor-to-non-target tissue ratios for [RGD-Glu-[64Cu-DO3A]-6-Ahx-RM2] and
[RGD-Glu-[67Ga-DO3A]-6-Ahx-RM2] in PC-3 tumor bearing SCID mice at 1, 4, 24 h p.i. (%
ID/g, n=5).
[RGD-Glu-[64Cu-DO3A]-6Ahx-RM2]
1 hr
4 hr
24 hr
Liver
4.30
5.33
2.46
Kidney
2.03
2.90
3.61
S. Intestine
5.03
7.37
5.29
L. Intestine
11.39
4.42
2.81
Muscle
33.80
49.54
29.11
Bone
14.58
18.30
10.91
Pancreas
4.63
17.79
10.88
Blood*
28.38
80.25
27.82
*Data based upon % ID

4.4

[RGD-Glu-[67Ga-DO3A]-6Ahx-RM2]
1 hr
4 hr
24 hr
9.09
10.90
8.71
2.04
3.26
4.84
2.73
8.03
7.86
7.54
5.41
8.18
22.46
46.61
25.90
5.91
14.69
8.45
0.49
6.52
14.77
19.35
132.06
591.26

CONCLUSION
In this study, [RGD-Glu-(DO3A)-6-Ahx-RM2], which is a bivalent ligand with the

capability of targeting either the integrin αvβ3 or GRPR biomarkers expressed on prostate cancer,
was radiolabeled with

67

Ga/64Cu to produce [RGD-Glu-(67Ga/64Cu-DO3A)-6-Ahx-RM2]. The

new radiotracers were investigated via in vitro and in vivo studies in normal and tumor-bearing
SCID mice and by microSPECT/CT and microPET/CT at 18 h p.i. of the radiotracers in tumorbearing SCID mice. The results indicate that [RGD-Glu-(67Ga/64Cu-DO3A)-6-Ahx-RM2] exhibit
high binding affinity for GRPR and specific targeting of prostate tumors that co-express both
67

GRPR and αvβ3. Meanwhile, the comparative analysis indicates that the
shows superior in vivo behavior and imaging results compared to the

Ga-labeled ligand

64

Cu-labeled complex

despite the fact that the in vitro studies reflect similarly high binding affinities of corresponding
cold metal coordinated ligands for GRPR and αvβ3. This is consistent with the studies of other
64

Cu-labeled DOTA conjugates of peptides as a result of poor stability of

64

Cu-DOTA in vivo

[20-22]. It can be clearly shown when comparing [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2] with a
87

previously studied ligand of similar structure but with a different chelator in our lab, [RGD-Glu(64Cu-NO2A)-6-Ahx-RM2], that the NOTA conjugate exhibited lower hepatic uptake than the
DOTA conjugate. However, the SPECT/CT images of the

67

Ga-DOTA conjugate shows

similarly good uptake and retention of the dose in tumors and low hepatic background compared
to the 64Cu-NOTA conjugate. 67Ga was used as a substitute of 68Ga in this study. Therefore, we
anticipate similarly good microPET molecular images, albeit at shorter time-points p.i., for the
68

Ga labeled analogue. . In conclusion, despite similar binding affinities in vitro, [RGD-Glu-

(67Ga-DO3A)-6-Ahx-RM2] demonstrates more favorable pharmacokinetics in vivo than [RGDGlu-(64Cu-DO3A)-6-Ahx-RM2], which consequently indicates 67/68Ga is better choices than 64Cu
for the bivalent ligand, [RGD-Glu-(DO3A)-6-Ahx-RM2] due to the instability of Cu-DOTA
complex in vivo. NOTA is superior to DOTA as a chelating agent for 64Cu due to the instability
of Cu-DOTA complex in vivo.
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Fig. 4.5. Maximum-intensity microSPECT tumor and microCT skeletal fusion coronal wholebody image (right) and soft tissue image (left) of a PC-3 tumor-bearing SCID mouse at 18 h after
tail vein injection of [RGD-Glu-(67Ga-DO3A)-6-Ahx-RM2]. Axial fused microSPECT/CT
image shown below.

89

Fig. 4.6. Maximum-intensity microPET tumor and microCT skeletal fusion coronal whole-body
image (right) and soft tissue image (left) of a PC-3 tumor-bearing SCID mouse at 18 h after tail
vein injection of [RGD-Glu-(64Cu-DO3A)-6-Ahx-RM2]. Axial fused microPET/CT image
shown below.
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Chapter 5: FUTURE STUDIES
5.1

INTRODUCTION
In the GRPR/PSMA dual targeting project, the microPET imaging studies of the

64

Cu-

labeled ligand, [DUPA-6-Ahx-(64Cu-NODAGA)-5-Ava-BBN(7-14)NH2], showed obvious
background radiation in non-target tissues, although the xenografted tumors were discernible. As
a result, further optimizations are necessary to improve pharmacokinetics of the ligand. A new
ligand precursor, [DUPA-6-Ahx-K-6-Ahx-RM2], has been synthesized and characterized. As
compared to [DUPA-6-Ahx-K-5-Ava-BBN(7-14)NH2], the new ligand used RM2 as the
targeting motif for GRPR and replaced 5-aminovaleric acid with 6-aminohexanoic acid in the
structure. In this chapter, preliminary data and future plans of the study on the DOTA conjugate
of [DUPA-6-Ahx-K-6-Ahx-RM2] will be described.
5.2

PRELIMINARY WORK

5.2.1 Synthesis of [DUPA-6-Ahx-(DO3A)-6-Ahx-RM2]
First of all, the bivalent ligand precursor, [DUPA-6-Ahx-K-6-Ava-RM2], was
synthesized via a combination of solid phase and manual peptide synthesis using traditional Fmoc chemistry. Then, DOTA was conjugated onto the ɛ-amine of lysine (K) on the bivalent
peptide precursor, [DUPA-6-Ahx-K-6-Ahx-RM2], via an active ester using a modified procedure
that has been previously described. Briefly, [DUPA-6-Ahx-K-6-Ava-RM2] (2.7 μmol) was
dissolved in 0.1 M sodium phosphate buffer and the pH was adjusted to 7.4 using 10% NaOH.
DOTA-NHS (27 μmol), dissolved in 200 μL of 0.1 M sodium phosphate buffer (pH = 7.0), was
mixed with the peptide solution. The reaction mixture was stirred for 6 h at 5–10 °C, followed by
stirring overnight at ambient temperature. The bivalent DOTA conjugate was purified by RPHPLC and then characterized via ESI-MS.
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5.2.2 Metallation of [DUPA-6-Ahx-(DO3A)-5-Ava-BBN(7-14)NH2] with natGa
The natGa-metallated DOTA conjugates were produced by adding natural GaCl3 in 0.05 N
HCl (90 nmol) to purified [DUPA-6-Ahx-(DO3A)-6-Ahx-RM2] peptide conjugate (80 nmol,
250 µl 0.4 M ammonium acetate). The pH of the reaction mixture was adjusted to approximately
5.0 by the addition of 1% NaOH. The mixtures were incubated for 1 h at 90 ºC and then 50 µl of
10 mM DTPA (diethylenetriaminepentaacetic acid) solution was added to scavenge unbound
metal. The metallated conjugates, [DUPA-6-Ahx-(natGa-DO3A)-6-Ahx-RM2], were purified by
RP-HPLC and characterized by ESI-MS.

5.3

PRELIMINARY DATA
[DUPA-6-Ahx-K-6-Ahx-RM2] was synthesized by solid-phase peptide synthesis (SPPS)

combined with manual peptide synthesis using F-moc chemistry. [DUPA-6-Ahx-(DO3A)-6Ahx-RM2] was produced via conjugation reaction of the precursor with the active DOTA-ester,
and then metallated with the natural metals of interest natGa. The chemical structure of the DOTA
conjugate is shown in Fig. 5.1. The mass spectrometry results of [DUPA-6-Ahx-(DO3A)-6-AhxRM2] and [DUPA-6-Ahx-(natGa-DO3A)-6-Ahx-RM2] is shown in Fig. 5.2 and Fig. 5.3.
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Fig. 5.1: Chemical structure of [DUPA-6-Ahx-(DO3A)-6-Ahx-RM2].
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Fig.5.2: ESI mass spectrum (M + H+ = 2056.11) for [DUPA-6-Ahx-(DO3A)-6-Ahx-RM2]
(Calculated Mass = 2155.13).

Fig.5.3: ESI mass spectrum for [DUPA-6-Ahx-(natGa-DO3A)-6-Ahx-RM2] (Calculated Mass =
2222.37).
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5.4

FUTURE WORK
The bivalent DOTA conjugate can be metallated with other natural metals of interest

(natLu,

nat

(67/68Ga,

In). The bivalent DOTA conjugate can be radiolabeled with the radiometals of interest

177

Lu,

111

In). Afterwards, for in vitro investigations of the ligands, the stability of the

tracers labeled with the radioactive metals of interest can be evaluated via RP-HPLC analysis at
0, 4, 24 h post-radiolabeling. The IC50 values of natural metal (natGa,

nat

Lu,

nat

In) metallated

ligands can be obtained by the competitive displacement binding assays in GRPR-positive,
human PC-3 prostate cancer cells and PSMA-positive LNCaP homogenized cell membranes
using [125I-(Tyr4)-BBN] and [+N-acetyl aspartyl 3H-glutamate] (NAAG) as the radioligands. The
IC50 values will indicate the binding affinity of the ligands to GRPR and PSMA, respectively.
For in vivo investigations, biodistribution studies of the DOTA conjugates metallated
with the radioactive metals of interest (67/68Ga,

177

Lu,

111

In) can be conducted in CF-1 normal

mice, GRPR tumor-bearing SCID mice, and LNCaP tumor-bearing athymic nude mice.
MicroPET/CT or microSPECT/CT studies of each tracer can be also performed in GRPR tumorbearing SCID mice and LNCaP tumor-bearing athymic nude mice.
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