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INTRODUCTION
Targeted therapy now becoming an active research area of cancer therapy is expected to
achieve a better efficacy for individual patient. In order to target prostate cancer (PCa)
specifically, we have discovered a unique cell permeable peptide with PCa targeting
specificity (1-3). In addition, we also studied a potent tumor suppressor-DAB2IP in PCa
and identified the functional domain (4). We were able to demonstrate the tumor
suppressive function using synthetic peptide corresponding the functional domain (4).
To generate molecular medicine combining both targeting peptide and therapeutic
peptide, we proposed to use dendrimer nanoparticle platform as a drug delivery vehicle to
deliver therapeutic peptide to target PCa. In addition, we will equip PET tracer to make
this platform to become a theranostic agent. Our major activities are constructing
dendrimer conjugated with therapeutic peptide, determining the mechanism of action and
preparing chelator for conjugating PET tracer and dendrimer.
REFERENCES
1. Hao, G., Zhou, J., Gao, Y., Long, M. A., Anthony, T., Stanfield, J., Hsieh, J.T., Sun,
X. (2011) A cell permeable peptide analog as a potential specific PET imaging probe
for prostate cancer detection. Amino Acids, 41:1093-1101.
2. Hsieh, J.T., Zhou, J., Gore, C., Zimmern, P. (2011) R11: a novel cell permeable
peptide as an intravesical delivery vehicle. Brit. J. Urol., 108:1666-1671.
3. Zhou, J., Liu, W., Pong, R.C., Hao, G., Sun, X., Hsieh, J.T. (2012) Analysis of oligoarginine cell permeable peptides uptake by prostate cells. Amino Acids, 42:12531260.
4. Zhou, J., Fan, J., Hsieh, J.T. (2006) Inhibition of mitogens-elicited signal transduction
and growth in prostate cancer with a small peptide derived from the functional
domain of DOC-2/DAB2 delivered by a unique vehicle. Cancer Res., 66:8954-8958.
KEYWORDS
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ACCOMPLISHMENTS
A. PROJECT ACCOMPLISHMENTS
Aim 2: Selection of therapeutic peptides based on the expression of different
markers representing cell survival, proliferation and epithelial-tomesenchymal transition (EMT).
We received 11 compounds from Dr. Simenk’s laboratory and diluted
these compounds in DMSO. We prepared three PCa cell lines expressing
different levels of DAB2IP (i.e., LAPC4 KD1 and PC-3 KD are DAB2IP
knockdown cells that express low level of DAB2IP; C4-2 cell is a
DAB2IP-negative cell) for testing the activities of these compounds; each
cell line was treated with final concentration of 50 µM of each compound.
Each cell line was incubated with peptide for 30 minutes then removed
peptide with multiple washing. After 48 hours incubation, cells were
harvested, prepared for soluble protein lysate and subjected to western blot
1

analyses. We used p-AKT as a hallmark of cell survival pathway (AKT as
a total amount of AKT protein); p-Src as a hallmark of cell proliferation
(Src as a total amount of Src protein); E-cadherin and Vimentin as
epithelial-to-mesenchymal transition (EMT) maker.
From our previous publication (4), we have demonstrated that loss of
DAB2IP in cells resulted in the elevated p-AKT, p-Src and Vimentin
protein expression. As shown in Figure 1, most of compounds weree not
able to alter p-AKT, p-Src or Vimentin protein expression except CS-IV78 and CS-IV-81, suggesting that both compounds containing DAB2IP
protein domain are the good candidates. Although, based on EMT
markers, only CS-IV-81 was able to inhibit Vimentin expression and
increase E-cadherin, we decided to further use these two compounds for
making dendrimer conjugate.
Figure 1 Characterization of biologic activities of chemical modified small
peptides in metastatic PCa cell lines. Cell was then harvested 48 hours after
incubation and subjected to western blot analysis with different markers
representing cell survival, proliferation and EMT.
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Aim 2: Selection the therapeutic activities of dendrimer-conjugated peptides.
Dr. Simenk laboratory continued to generate additional dendrimer
compounds for further testing. In this study, we employed two PCa cell
lines (LAPC4 and PC3) that were incubated with these dendrimer
compounds for 30 minutes then removed peptide with multiple washing.
After 48 hours incubation, cells were harvested, prepared for soluble
protein lysate and subjected to western blot analyses. We used p-AKT as a
hallmark of cell survival pathway (AKT as a total amount of AKT protein);
p-Src as a hallmark of cell proliferation (Src as a total amount of Src
protein. As shown in Figure 2A, it appeared that CSIV-81 had consistent
inhibitory activities on cell survival and cell proliferation in both tested
cells.
Also, Figure 2B indicated that CSIV-81 could alter cell morphology. Cells
became roundup and detached from plate, implying the increasing cell
death. Furthermore, we have determined IC50 of CVIS-81 from LAPC4
and PC3 cells at 24, 48 and 72 hours. As shown in Figure 2C, both cell
lines exhibited similar IC50 around 30 µM in a time-independent manner,
implying that this compound has long lasting cytotoxic effect on PCa cells.
Figure 2 The activities of dendrimer-PR peptide in PCa cells in vitro. (A) Cells
were treated with 50 µM of peptide 30 minutes and cell lysates were harvested and
subjected to western blot analyses. (B) The morphologic change of cells (upper
panel: LAPC4, low panel: PC3) was photographed 24 hours after treatment. (C)
The concentration effect of compounds on cell growth.
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Aim 3: To evaluate the therapeutic efficacy using pre-clinical model.
Based on in vitro data, we have decided to use PC-3 in preclinical animal model
with one million cells injected subcutaneously. After 6 -7 weeks post-injection, tumor
volume appeared to be 50-100 mm3 and treatment started. As shown in Figure 3, CSIV81 exhibited a tumorstatic effect. We can validate the targeting effect by examining
4

phosphor-AKT status in these tumor; CSIV-80 treatment significantly decreased
phosphor-AKT levels in treated tumors compared with control tumors.
Figure 3 The effect of CSIV-81 on PC-3 tumor. When tumor volume reaches 50 mm3,
a minupump containing CSIV-81 was implanted nearby tumor with a dosage of 50 mg/kg
for 7 days and tumor volume was determined at indicated time. Fold change was
calculated using Day 0 (=1).
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Figure 4 The in vivo target of CSIV-81 in PC-3 tumor. Three animals per group
were injected with PC-3 (1X106 cells/site) subcutaneously. After tumor became
palpable, a minipump containing 50 mg/kg CSIV-81 was implanted nearby tumor
site for 48 hours and tumors were excised to prepare cells lysates subjected to
western blot analyses.

B. OTHER ACHIEVEMENTS
N/A
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What opportunities for training and professional development have the project
provided?
This project provides excellent training opportunities for several postdoctors for tumor
biology, nuclear medicine, and nanotechnology.
How were the results disseminated to communities of interest?
Overall, we have published 8 peer-reviewed papers to describe the potential
application of dendrimer as a nanocarrier for developing a theranostic agent and use
ligand of prostate specific membrane antigen as a PCa-specific drug delivery and
imaging platform.
IMPACT
This project combines the recent advances in PCa research from three different
laboratories to develop a new molecular medicine. The goal of this project is to construct
dendrimer nanoconjuate containing a prostate specific cell permeation peptide, peptide
therapeutic(s) and bifunctional chelator for PET imaging. Dr. Simanek’s laboratory will
make dendrimers that bear functional handles for conjugation with imaging agents (from
Dr. Sun’s laboratory) and proline-rich peptide as a therapeutic agent (from my
laboratory).
We have designed different chemical modification of small peptide and characterized
their in vitro biologic activities using several metastatic prostate cancer cell lines. Our
data have shown the better activity of chemical modified peptide than prototype peptide.
However, we did not observe any enhancement of activity after dendrimer conjugation,
suggesting that peptide conjugation to dendrimer might have altered its structure.
Nevertheless, we went ahead to examine its biologic activities in vivo using subcutaneous
model and observed the tumorstatic effect of peptide at very high dosage, which may not
be clinical applicable.
Overall, we conclude small peptide therapeutics remains a potential specific targeting
agent. Nevertheless, there are still many issues regarding the delivery such as type of
nanoparticle, the chemistry of conjugation and the stability of small peptide need to be
resolved in order to translate into any clinical application.
CHANGES/PROBLEMS
There are several issues of peptide conjugation and the serum stability, which impart the
in vivo effect of peptide agent. Alternatively, we modify our conjugation using small
molecular backbone.
PRODUCTS
Publications, Conference papers, and Presentations
1. Lo, S., Kumar, A., Hsieh, J.T., Sun, X. (2013) Dendrimer nanoscaffolds for potential
theranostics in prostate cancer. Mol. Pharm., 10:793-812.
2. Hao, G., Kumar, A., Dobin, T., Oz, O., Hsieh, J.T., Sun, X. (2013) A multivalent
approach of imaging probe design to overcome an endogenous anion binding
competition for noninvasive assessment of prostate specific membrane antigen. Mol.
Pharm., 10:2975-2985.
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3. Liu, H.H., Tsai, Y.S., Lai, C.L., Tang, C.H., Lai, C.H., Wu, H.C., Hsieh, J.T., Yang,
C.R. (2014) Evolving avenue of personalized therapy for castration-resistant prostate
cancer. BIoMed., 4:e7-15.
4. Singh, A.N., Dakanali, M., Hao G., Ramezani, S., Kumar, A., Sun, X. (2014)
Enantiopure bifunctional chelators for copper radiopharmaceuticals - Does chirality
matter in radiotracer design? Eur. J. Med. Chem., 80, 308-315.
5. Kumar, A., Hao, G., Liu, L., Ramezani, S., Hsieh, J.T., Oz, O.K., Sun, X. (2015)
Click-Chemistry Strategy for Labeling Antibodies with Copper-64 via a CrossBridged Tetraazamacrocyclic Chelator Scaffold. Bioconjug. Chem., 26:782-789.
6. Lo, S., Kumar, A., Sun, X. (2015) Delivery and controlled release of therapeutics via
dendrimer scaffolds. Chapter 10 of “Nanoparticle Delivery of Biotherapeutics” edited
by Vooght-Johnson. Published by Future Science Group.
7. Kumar, A., Zhang, S., Hao, G., Hassan, G., Ramezani, S., Lo, S., Sagiyama, K.,
Takahashi, M., Sherry, A.D., Oz, O.K., Kovacs, Z., Sun, X. (2015) Molecular
Platform for Design and Synthesis of Targeted Dual-modality Imaging Probes.
Bioconjug. Chem., 26:549-558. ACS Editor’s Choice
8. Kumar, A., Mastren, T., Wang, B., Hsieh, J.T., Hao, G., Sun, X. (2016) Design of
Small-molecule Drug Conjugates for Prostate Cancer Targeted Theranostics.
Bioconjug. Chem., 27:1681-1699.
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Xiankai Sun, UT Southwestern Medical Center
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Dendrimer Nanoscaﬀolds for Potential Theranostics of Prostate
Cancer with a Focus on Radiochemistry
Su-Tang Lo,† Amit Kumar,† Jer-Tsong Hsieh,‡ and Xiankai Sun*,†,§
†

Departments of Radiology and ‡Urology, §Advanced Imaging Research Center, University of Texas Southwestern Medical Center,
Dallas, Texas 75390, United States
ABSTRACT: Dendrimers are a class of structurally deﬁned macromolecules
featured with a central core, a low-density interior formed by repetitive
branching units, and a high-density exterior terminated with surface
functional groups. In contrast to their polymeric counterparts, dendrimers
are nanosized and symmetrically shaped, which can be reproducibly
synthesized on a large scale with monodispersity. These unique features
have made dendrimers of increasing interest for drug delivery and other
biomedical applications as nanoscaﬀold systems. Intended to address the
potential use of dendrimers for the development of theranostic agents, which
combines therapeutics and diagnostics in a single entity for personalized
medicine, this review focuses on the reported methodologies of using
dendrimer nanoscaﬀolds for targeted imaging and therapy of prostate cancer.
Of particular interest, relevant chemistry strategies are discussed due to their
important roles in the design and synthesis of diagnostic and therapeutic dendrimer-based nanoconjugates and potential
theranostic agents, targeted or nontargeted. Given the developing status of nanoscaﬀolded theranostics, major challenges and
potential hurdles are discussed along with the examples representing current advances.
KEYWORDS: dendrimer, theranostics, prostate cancer, molecular imaging, drug delivery

■

INTRODUCTION
Current therapeutic strategies often target one disease with the
same regimen in diﬀerent individual patients. In general, the
delivery schedule and treatment dosage of each agent is given
based on a limited number of parameters of the disease such as
the stage, symptom, and physical condition of patient.
Overwhelming literature reports have indicated that distinct
diﬀerent genetic makeup exists among patients even diagnosed
with the same disease. For example, the success of Herceptin
attests to the viability of personalized therapies for cancer.
Herceptin is a monoclonal antibody that binds to the human
epidermal growth factor receptor 2 (HER2/neu) receptor that
is overexpressed on the cell surface of approximately 25% of
breast cancers.1 Only HER2 positive cancers are responsive to
treatment. The need for more reﬁned, tailored treatment was
also made clear by Iressa for lung cancer treatment. While
highly eﬀective in 10% of lung cancer patients, it failed to
enhance survival in the other treated patients. Recently it has
been discovered that patients who respond to Iressa have a
somatic mutation in the tyrosine kinase domain of epidermal
growth factor receptor (EGFR).2−5 These examples stress the
need for a detailed molecular diagnosis and correspondingly a
more tailored therapy regime.6 The concept of personalized
medicine becomes more apparent because molecular medicine
has clearly identiﬁed key genetic defects associated with many
diseases. To formulate a speciﬁc regimen for each patient,
noninvasive molecular imaging techniques are needed in
addition to genetic proﬁling to better deﬁne the location and
© 2013 American Chemical Society

extent of disease and to better assess the disease response to
drugs in a real-time manner.
Capable of providing highly speciﬁc information of the intact
organism with respect to structural and functional phenotypes,
molecular imaging has evolved to become an indispensable tool
in biomedical research. The potential of molecular imaging has
been well recognized for enhancing basic biological knowledge,
better understanding molecular mechanisms of disease for early
and accurate diagnosis, facilitating drug discovery and
validation, and improving prediction and assessment of the
response of a disease to various therapies. Most molecular
imaging procedures are enabled by imaging probes, which
usually consist of two components: a reporter group for
detectable signal generation and a targeting moiety for
localization of molecular events. Common reporter groups
include ﬂuorescent molecules for optical imaging, T1 and T2
contrast agents for magnetic resonance imaging (MRI),
microbubbles for ultrasound imaging (US), radioisotopes for
positron emission tomography (PET) and single photon
emission computed tomography (SPECT). Targeting molecules are chosen based on the speciﬁc targets of interest.
Special Issue: Theranostic Nanomedicine with Functional Nanoarchitecture
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Figure 1. A dendrimer system often has tunable physical properties for diﬀerent biomedical applications, which are mainly determined by the
dendrimer’s generation. This unique feature depicted here is represented by a PAMAM−DTPA (Gd) system (G0−G9) that was developed for MRI
contrast agents. Diﬀerent dendrimer systems may possess diﬀerent tunable physical properties. The ﬁgure was adapted using data from Menjoge et
al.23 PAMAM: poly(amidoamine); DTPA: diethylene triamine pentaacetic acid.

cancer, for metastatic disease, androgen deprivation becomes a
gold standard of therapy that only delays the onset of castration
resistant prostate cancer (CRPC), which contributes to the
majority of prostate cancer mortality. It is almost certain that
the relapse of CRPC is inevitable for patients who are under
hormonal therapy. With respect to current regimens available
for the recurrent CRPC patients, some have shown therapeutic
eﬃcacy despite that there are many undesirable side eﬀects
(e.g., bone marrow suppression, alopecia, and sloughing of the
epithelial cells in gut).14 Although tremendous eﬀorts have
been seen on the development of novel diagnostics and
therapeutics toward the eventual cure of prostate cancer, few
eﬀective agents have been reported.15,16
Dendrimers are a class of highly branched and symmetrical
macromolecular constructs, which consist of repeating
dendrons extending outward from a central core.17−19
Compared to linear polymers, dendrimers can be synthesized
reproducibly with low polydispersity, which is a highly desirable
feature for drug delivery vehicles. The synthesis of dendrimers
can be performed in a controlled manner, yielding products
with predictable sizes termed as “generation”. Because of this
controlled feature, diﬀerent generations of a dendrimer system
can be exploited to fulﬁll desired in vivo pharmacokinetic
requirements for a wide range of biomedical applications
(Figure 1). In addition, as the dendrimer core branches out in
the synthesis of each generation, the number of peripheral
groups increases exponentially, which results in a shielded
interior that can be used to load drugs for delivery. Obviously,
the peripheral functional groups, often in the form of amine or
carboxylate, can be used to conjugate with functional molecules
in a multivalent format for imaging signal ampliﬁcation and
therapeutic eﬃcacy enhancement. Given the unique structural
features, undoubtedly, dendrimers can be used as nanoscaﬀolds
to develop theranostic agents for oncologic and nononcological
applications.
In the past decades, the developmental eﬀorts of theranostics
have been focused on the use of currently available nanotechnologies and nanomaterials.7,20−23 In this review, we

Usually, they can be small organic molecules, peptides,
oligonucleotides, macromolecules such as antibodies, or
activatable enzyme substrates.
The recently emerged concept termed as “Theranostics”,
which integrates therapeutic and diagnostic agents into a single
entity, is expected to play an important role in the personalized
therapy.7 The central hypothesis of this concept is that the
integration of a molecular imaging component would enable
the desired noninvasive imaging of the in vivo status of the
molecular target during the personalized treatment, to which
the therapeutic agent is intended to be delivered. Of course, the
personalized treatment must be administered after the ﬁnal
molecular diagnosis of the disease status, which can be
performed by either the theranostic agent itself but void of
the therapeutic component or other diagnostic techniques. The
former is exempliﬁed by a nuclear medicine practice that can
date back to the 1940s, which uses iodine-123 (a γ-emitter) for
diagnosis and then iodine-131 that emits both γ-rays and βparticles for imaging and radiotherapy of diﬀerentiated thyroid
therapy.8 The latter would be a typical clinical practice, in which
molecular diagnosis is ﬁrst performed to identify and stratify
patients based on the molecular signatures of their disease and
then a corresponding theranostic agent is administered for both
treatment and imaging-enabled noninvasive monitoring of the
disease responses.
Not intended for an exhaustive coverage of literature on the
design and potential application of theranostic agents, this
review focuses on the recent advances of using dendrimer
nanoscaﬀolds for the development of diagnostics or therapeutics and potential theranostic agents for prostate cancer with
the emphasis on the radioisotope-enabled approaches.
Comprehensive reviews on the design of dendrimer nanoscaﬀods for drug delivery can be found elsewhere.9−13
According to the American Cancer Society’s 2012 Facts and
Figures, prostate cancer has been the most commonly
diagnosed cancer in males and consistently among the leading
causes of cancer-related deaths of men in United States.
Although surgery can eﬀectively control the primary prostate
794
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Figure 2. Structures of the dendrimer systems that have been used for the development of diagnostics and therapeutics of prostate cancer. PAMAM:
poly(amidoamine); Bis-MPA: 2,2-bis(hydroxymethyl) propionic acid; PPI: polypropylenimine; PEG: poly(ethylene glycol); 5-ALA: 5aminolevulinic acid; TEA: triethanolamine.

discuss potential methods in the development of dendrimer
nanoscaﬀolds for theranostic agents of prostate cancer.

be able to permeate the vascular wall, reach their biological
targets, and retain there at a suﬃciently high concentration for
eﬀective therapy or imaging. Further, if the oncologic targets
are intracellularly located, they must be able to cross the cell
membrane. Engineered nanoparticles with the size range of
several nanometers to a couple of hundred nanometers in
diameter can be potentially designed to have desired
pharmacokinetics, multiple binding capacities, and the ability
to ﬁt into an endocytotic vesicle through endocytosis or

■

DENDRIMER NANOSCAFFOLDS
Nanotechnologies have been extensively explored for more
eﬀective cancer diagnosis and therapy in the past decades. Of
the basic requirements for cancer therapeutic or diagnostic
agents, the pharmacokinetic properties of potential nanosized
platforms are critically important given the fact that they must
795
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phagocytosis as a carrier or transporter of imaging reporters
and/or therapeutic agents.24 The reader is referred to other
review articles25−27 for recent advances in nanoparticle-based
molecular imaging research.
Among the nanoconstructs that have been reported for
biomedical applications, dendrimers hold great promising in
that they can be synthesized in a more controlled way with low
polydispersity or monodispersity to achieve the desired in vivo
pharmacokinetics for diﬀerent applications by simply varying
the generation (Figure 1). However, the tunable properties,
such as passive and active tumor targeting, vary with diﬀerent
dendrimer systems. It is noteworthy that currently no general
agreement has been reached on the size threshold of dendrimer
systems that undergo the enhanced permeability and retention
(EPR) tumor trapping mechanism. Like their polymeric
counterparts, dendrimers can provide hundreds or even
thousands of sites if necessary for multipresentation of various
functional molecules to serve the purpose of interest, such as
targeting ligands, imaging reporters, or therapeutic drugs. As
discussed above, the major advantages of using dendrimers for
cancer imaging or therapy include their more deﬁned and
readily tunable size and surface functionalities. Theoretically,
the number of exterior functional groups branching out from
the core increases exponentially generation-wise. Therefore,
dendrimers can also be used as a nanocapsule system for drug
loading (Figure 1). However, as the generation goes, the steric
eﬀects between the surface terminal groups and their spatial
crowding would result in a higher generation dendrimer with
less deﬁned structure, which is not desirable for drug delivery. A
dendrimer system, which is usually much smaller than its
polymeric counterpart, exhibits rapid blood clearance and low
accumulation in the reticuloendothelial system (RES) organs as
compared to the in vivo behavior of other nanoconstructs. This
provides compelling reasons to exploit dendrimers as
biocompatible nanoscaﬀolds to carry imaging and/or therapeutic agents for biomedical applications. Indeed, speciﬁc
tumor accumulation can be conveniently achieved by targeted
nanoscaﬀolds as exempliﬁed by a monoclonal antibody
conjugated generation-4 poly(amidoamine) dendrimer (G4PAMAM).28 However, there is no guarantee that a dendrimer
system would have an optimal in vivo pharmacokinetic proﬁle.
For a speciﬁc biological application, subjecting the dendrimer
system to in vitro and in vivo evaluations is the only way to test
its rational design.
Shown in Figure 2 are representative dendrimer scaﬀolds that
have been seen in scientiﬁc literature with potential to be used
as imaging and/or therapeutic agents for prostate cancer.
Obviously, such dendrimer scaﬀolds can be also used for other
cancer types and diseases.29 To stay focused on the potential
theranostic applications of dendrimers for prostate cancer, this
review excludes the synthesis of the dendrimer scaﬀolds, which
has been thoroughly discussed in recent reviews.23,30

Figure 3. Two general methods of loading active drug to dendrimers:
(a) noncovalent encapsulation and (b) covalent conjugation.

linkage of active agents to the functional groups located on the
branching units. In case of the encapsulation, the agents
physically interact with the nanoscaﬀolds by noncovalent
secondary binding processes, such as hydrogen bonding, van
der Waals interactions, and electrostatic attractions between
oppositely charged species located within the agents and the
nanocarrier. Dendrimers, owing to the presence of a large
number of surface terminal groups within the same molecule,
are widely used to provide multivalency in biology and targeted
drug delivery systems.18,36 Multivalency arises from the
multipresentation of a functional molecule on a single platform,
by which the interactions between the functional molecule and
its biological targets can be signiﬁcantly enhanced when
compared to the individual bonding of an equivalent number
of monovalent ligands to the same biological targets.37 This
phenomenon is widely used by biological systems, particularly
for attachment,38 signal transduction,39 and cellular recognition.40 Such enhancement termed as the “multivalent eﬀect” is
driven by the high entropic gain in the formation of a
multivalent complex. Dendrimer nanoscaﬀolds, owing to the
vicinal presence of active functional groups within an adjustable
distance, can easily mimic “ligand clustering” for the desired
multivalent eﬀect.41−44
Noncovalent Encapsulation. Dendrimers are capable of
noncovalently harboring drugs, dyes, diagnostic agents, and
other biologically active species. The secondary interactions
(e.g., hydrogen bonding, electrostatic interactions, dipole−
dipole, and hydrophobic interactions) between the dendrimers
and bioactive agents are responsible for stabilizing of these
agents. The resulting supramolecular self-assembly oﬀers
several distinct advantages such as enhanced solubilization of
nonpolar drugs in aqueous media and minimization of
nonspeciﬁc interactions of the encapsulated drugs with plasma
components.
In the early 1990s, the synthesis and characterization of
“dendritic boxes” within poly(propyleneimine) dendrimers
surrounded by a dense shell were published and adopted by
other researchers in the development of drug delivery
applications of dendritic polymers.45,46 While the initial
approaches dealt with non water-soluble systems, the
subsequent dendritic molecules have been made water-soluble
for the delivery of a wide variety of biologically active species
with substantial therapeutic and pharmaceutical improvement.
For instance, a full-and-half generation (G6.5) of PAMAM
dendrimer was reported to aquate cisplatin, an eﬀective
anticancer drug. The noncovalently complexed cisplatin was
proven more eﬃcacious in the treatment of cancer.47

■

STRATEGIES TOWARD CONTROLLED DRUG
RELEASE
Dendrimers, on account of their unique supramolecular and
interfacial features and chemically modiﬁable peripheral
functional groups, are ideally suited as nanoscaﬀolds for
bioactive agents. These nanoconstructs have successfully been
utilized for the delivery of drugs, genes, diagnostic dyes, and
biologically active metal ions23,31−35 by two general methods
(Figure 3). One entails the encapulation of functional agents
within a dendrimer scaﬀold, and the other deals with covalently
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Figure 4. Structures of selected drugs used for the construction of dendrimer therapeutics.

Amide vs Ester Bonds. Amide and ester bonds are most
frequently used in the conjugation design of dendrimer-based
drug delivery systems. In most cases, dendrimer-drug
conjugates undergo the lysosomal or endosomal pathway
after entering the cell.51,59 In the acidic environment, the drug
can be released from the dendrimer carrier upon the acidic
cleavage of the ester bonds. However, amide bonds are robust
and undergo a very slow enzymatic degradation. Owing to their
remarkable stability, the amide bond linkage is not the preferred
for drug release.51 The drug release rate can also be aﬀected by
the diﬀerent chemical environment of the same bond. For
example, diethylene glycol (deg) and lactic (lact) ester linkages
were assessed for their drug release rate from a G0 PAMAM
dendrimer using naproxen (Figure 4), a prescription nonsteroidal anti-inﬂammatory drug with poor water solubility, as a
model drug.60 It was found that the deg linkage of G0-deg-NAP
was much more quickly hydrolyzed than the lact ester bonds of
G0-lact-NAP.
To understand the eﬀect of architecture and linker on drug
release, a recent study compared the drug release characteristics
of a series of dendrimer−ibuprofen conjugates (see Figure 4 for
the chemical structure of ibuprofen) built upon a G4 PAMAM
dendrimer with an ester, amide, or a peptide as the drug and
dendrimer linkage.52 As expected, amide-linked conjugates were
relatively stable against hydrolysis, whereas the ester-linked
conjugates showed a pH-dependent release rate. Interestingly,
the conjugates constructed by direct amide and ester bonding
did not release ibuprofen enzymatically in either cathepsin B
buﬀer or diluted human plasma. In contrast, the dendrimer−
ibuprofen conjugate incorporated with PEG as a linker released
its drug loads rather eﬃciently by cathepsin B activity, so was
the peptide-linked conjugates. This demonstrates that the steric
crowding at the surface of dendrimer−drug conjugates along
with the linking chemistries govern the drug release

The release of encapsulated drugs from their dendrimer
scaﬀolds has been extensively studied as the responses to
environmental conditions (e.g., pH, salts).48−50 For instance, a
multifunctional dendrimer scaﬀold, which consists of diaminobutane poly(propylene imine) dendrimers (DAB) with poly(ethylene glycol) chains and guanidinium moieties on its
exterior, was able to release the encapsulated pyrene upon the
pH and/or osmotic environment change.49
Covalent Delivery with Dendritic Molecules. Covalently linking drug molecules to dendrimers is the commonly
used approach in the construction of dendrimer drug delivery
systems. Peripheral end-groups of a dendrimer can be used as
attachment points to couple drugs to the core scaﬀold. The key
to the design of a dendrimer-drug conjugate lies in the fact that
multiple copies of the same or diﬀerent drug molecules can be
attached to each dendrimer molecule by various bioconjugation
reactions between the orthogonal and complementary functional groups. Release kinetics of the active agents from the
dendrimer scaﬀold is largely governed by the chemical linkage
by which the drug is coupled. The major advantage of this
approach is that chemistry strategies can be applied with hope
to realize the goal of controlled release by taking advantaging of
the susceptibility of various chemical bonds to diﬀerent in vivo
conditions, such as the acidic tumor microenvironment, sitespeciﬁc enzyme cleavage, or disease-speciﬁc metabolic alteration. Drugs have been linked to the dendrimer scaﬀold
through amide,51 ester,52 hydrazone,53 imine,54 carbamate,55
disulﬁde,56 carbazate bonds,57 and enzymatic cleavable peptide
sequences.58 Each of these linkages has their own diﬀerential
mechanism of cleavage to separate the drug molecule from the
scaﬀold. While ester, hydrazone, and carbamates depend on the
surrounding pH for release, amides and peptidic sequences
require an enzymatic involvement for their degradation and
subsequent release of the active species.
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dendrimer, and the product conjugate becomes more
inhomogeneous with increasing synthetic steps, as more ligands
and ligand types are involved.75 Such a heterogeneous ligand
distribution certainly would hinder the interpretation of
biological and clinical results as the structure−activity relationship is compromised. To address this problem, eﬀorts have
been made through the implementation of new synthetic
strategies and scalable puriﬁcation techniques regarding the
understanding of inhomogeneous ligand distribution.76−83

mechanisms as well as kinetics. Therefore, understanding these
structural and steric eﬀects on their drug release characteristics
is crucial for the design of dendrimer conjugates. Shown in
Figure 4, methotrexate (MTX), an antimetabolite and antifolate
drug, has two possible sites for conjugation owing to the
presence of carboxylic and amine terminations. As such, MTX
can serves as a good drug model to compare the drug release
proﬁles from amide and ester linkages. In fact, the carboxylate
group of MTX is preferred in the construction of dendrimerMTX conjugates because MTX can be released once the
internalized conjugates are exposed to the acidic endosomal
environment.61,62
cis-Aconityl Bond. cis-Aconityl is another pH-sensitive
linker that has been extensively exploited for the design and
construction of drug delivery systems.63,64 For instance,
dendrimer conjugates of doxorubicin (DOX) constructed by
use of cis-aconityl linkage were able to show an acid-triggered
DOX release, whereas the release from its amide counterpart
was negligible.65
Disulﬁde Bond. The disulﬁde bond (−S−S−) is formed
through the oxidation of two thiols. While relatively stable in
mildly oxidizing environments (e.g., atmospheric oxygen or the
bloodstream), disulﬁde bonds can be cleaved by a reducing
agent reforming two thiols.66,67 In the cell, the reduced form
glutathione (GSH) is maintained at the millimolar concentration level through the cytosolic NADPH-dependent reaction
catalyzed by glutathione reductase. GSH is found at much
higher level in diseased cells. For example, it was found to be 7fold higher in a human lung adenocarcinoma cell line (A549)
than in a normal human lung ﬁbroblast line (CCL-210).68 With
this feature, the strategy of using disulﬁde bond linkage through
reacting with sulfhydryl groups on dendrimer has been used to
facilitate the drug release. Study showed that by using this
strategy the anti-inﬂammatory and antioxidant agent, N-acetylL-cysteine (NAC), can be tailored on dendrimer and released
by the intracellular glutathione in vivo.69,70 For PAMAM
dendrimers possessing carboxylic or amine terminal groups,
they must be ﬁrst modiﬁed using glutathione or Nsuccinimidyl-(2-pyridyldithio)-propionate, respectively, and
then coupled with the thiol moiety of NAC to form the
dendrimer-drug conjugate through disulﬁde linkage. The
construct was found to be able to avoid plasma protein
binding, which is an additional advantage for the enhancement
of drug bioavailability. Eﬃcacy studies using this construct on
microglial cells revealed that the dendrimer-NAC conjugate was
16 times more eﬃcacious than the drug alone in the treatment
of maternal fetal infections.69−71 A similar study was also done
using thiol terminated star poly(ethylene glycol) conjugates.72
A similar design was also seen in a paclitaxel (PTX) conjugate
constructed from a G2 triazine dendrimer for the intracellularly
controlled release of PTX for prostate cancer treatment.73 The
conjugate showed a better therapeutic eﬃcacy as compared to
its counterparts without the intracellular glutathione sensitive
disulﬁde linker.74
The conjugation methods mentioned above utilize diversiﬁed
multifunctional and multivalent approaches and exhibited
substantially positive biological results. Despite the success
demonstrated by the conjugation methods, it must be noted
that conjugating diﬀerent classes of ligand molecules to the
surface of the dendrimer scaﬀolds often results in a heterogenic
distribution of ligand-bound dendrimer conjugates in terms of
the number of ligands per conjugate. The ligand distribution on
a dendrimer scaﬀold is related to the synthetic history of the

■

POTENTIAL CYTOTOXICITY OF DENDRIMER
NANOSCAFFOLDS
Toward the eventual application as theranostic agents, the
dendrimer nanoscaﬀolds must be able to maintain a certain
degree of integrity under the physiological conditions, which
provides desired cytotoxicity shielding of the carried therapeutic
agents from nontarget organs or tissues. As such, ideal
nanoscaﬀolds themselves should not induce immune-responses,
cause hemolytic toxicity, or impose cytoxicity. However,
nonmodiﬁed or intact dendrimer scaﬀolds might elicit
immune-responses or be toxic due to the size and the surface
termination of the dendrimers. The otherwise exposed building
blocks, if toxic, must be shielded by the surface termination or
modiﬁcation, and the dendrimer nanoscaﬀolds must remain
stable because fragmentation would release the toxic building
blocks, which may redistribute back to the bloodstream and
thus impose unnecessary harm to healthy tissues.
As exempliﬁed by the surface-unmodiﬁed PAMAM dendrimer systems, the positively charged surface (quaternary
ammonium ions) interacts with red blood cells and other
healthy cells, which results in hemolytic toxicity and
cytotoxicity.84 It has been reported that both hemolytic toxicity
and cytotoxicity of PAMAM dendrimers are dependent on the
charge, concentration, and generation of the dendrimers,85,86
and lower generation PAMAM dendrimers (i.e., G0−G1)
exhibit considerably less cytotoxicity than the higher generation
ones (i.e., G2−G4).87 On the other hand, both anionic and
neutral PAMAM dendrimers are found substantially less toxic
than cationic dendrimers.88 Based on these observations,
surface chemistries play an essential role in the design of a
dendrimer nanoscaﬀold system to reach the desired biocompatibility. Usually two common approaches are taken: (1)
surface modiﬁcation by polyethylene glycol (PEGylation) to
neutralize the surface charge and improve the water solubility of
the dendrimer system; and (2) surface termination with small
molecules (e.g., acetylation) to neutralize the surface charge
and enhance the cellular uptake.89 It has been well-recognized
that surface PEGylation renders nanoconstructs with desired
stealthiness to the immune system and biocompatibility. In
addition, long PEG chains are usually employed to optimize the
in vivo kinetics and increase the biological half-lives of
nanoconstructs.90,91 A good example of the latter was set by
a study on the eﬀect of surface amidation of PAMAM
dendrimers on their cytotoxicity,88 in which a linear relationship was found between the number of the naked surface amine
groups and the cytotoxicity of dendrimers while the desired
transepithelial permeability was not compromised. Not
surprisingly, the complete amidation led to a nontoxic
dendrimer system.
Fatty acids, such as lauric acid (namely, dodecanoic acid: nC11H23COOH), can also be used to modify dendrimer surface
as a biocompatible penetration enhancer.92 It was reported that
lauroylation of cationic PAMAM dendrimers reduces the
798

dx.doi.org/10.1021/mp3005325 | Mol. Pharmaceutics 2013, 10, 793−812

Molecular Pharmaceutics

Review

conjunction with CT or MRI.112 However, recent reports
indicate problems in terms of imaging speciﬁcity and sensitivity
given the fact that the antibody (7E11-C5.3) recognizes an
internal epitope of PSMA.110 To address the problems, many
monoclonal antibodies have been developed (e.g., J591/
MLN591, J533, J415, E99, and E6, etc.) that recognize the
extracellular domain of PSMA.111,114−118 As anticipated,
imaging with these antibodies labeled radioisotopes have
shown signiﬁcantly improved sensitivity and speciﬁcity in the
detection of prostate cancer. These antibodies have also been
seen in the construction of targeted dendrimer systems. For
instance, a PAMAM dendrimer conjugate with J591 showed the
speciﬁc binding to the PSMA+ LNCaP cells but not the PSMA−
PC-3 cells.119
Targeting PSMA can also be achieved by using aptamers, a
class of nuclease-stabilized oligonucleotides selected by a ligand
screening technology, SELEX (systematic evolution of ligands
by exponential enrichment).120−127 Much smaller than antibodies and without immunogenicity, aptamers might be able to
contest the roles of antibodies in therapeutics and diagnostics.
In 2002, two RNA aptamers, xPSM-A9 and xPSM-A10, were
identiﬁed with high binding aﬃnity to the extracellular domain
of PSMA. The ﬁrst PSMA-targeted aptamer-nanoparticle
conjugate was built from xPSM-A10. It was found that the
nanoconjugate can eﬃciently target and accumulate in PSMA+
LNCaP cells but not in PSMA− PC-3 cells.128 Recently, a G4
PAMAM dendrimer was reported as a carrier of A10 aptamerDOX complex for prostate cancer treatment,129 and the PSMAtargeted dendrimer system displayed an antitumor eﬃcacy
comparable to DOX alone. Similarly, a G5 PAMAM dendrimer
conjugate with A10-3.2, a truncated form of xPSM-A10, was
reported with capability of delivering tumor suppressor genes
to PSMA expressing target.130
Targeting αvβ3-Integrin. The progression rate of a solid
tumor is strongly dependent on its ability to stimulate
angiogenesis, a process in which new blood vessels grow
from pre-existing vessels to supply tumor cells with oxygen and
essential nutrients. Integrin adhesion receptors are the key
factor for cell to interact with the extracellular matrix (ECM)131
to activate the signaling pathways for regulating the cell
functions such as motility, proliferation, and diﬀerentiation.41 In
1994, αvβ3-integrin, the vitronectin receptor, was found highly
upregulated on activated endothelial cells with a critical role in
their survival, while its expression is weak in most normal organ
systems.132 To date, αvβ3-integrin has been well recognized as a
receptor aﬀecting tumor growth, local invasiveness, and
metastatic potential.133 Among over 25 identiﬁed integrin
receptors, about two-thirds including αvβ3-integrin recognize
and bind tightly to a tripeptide sequence Arg-Gly-Asp (RGD).
In addition to numerous synthetic RGD peptido-mimetics,
RGD-containing peptides, usually in the cyclized form, have
been developed as αvβ3 antagonists with potential to decrease
angiogenesis and induce tumor regression and apoptosis within
the angiogenic blood vessels.132,134−140 To date, cyclic RGD
peptides and peptidomimetics have been extensively explored
for αvβ3-integrin targeted imaging and therapy. The ﬁrst αvβ3integrin targeted nanoconstruct was built upon a polymerized
lipid-based vesicle conjugated with an αvβ3 antagonist for
targeted gene delivery to angiogenic blood vessels. Tumor cell
apoptosis and regression was observed after the nanoconjugate
administration to treat established primary and metastatic
cancers.105

cytotoxicity along with the surface PEGylation and the degree
of lauroylation can be used as an approach to improve the
dendrimer’s cell permeability.93 Of course, further modiﬁcation
of a dendrimer nanoscaﬀold system with targeting or other
functional molecules must take into consideration its eﬀect on
the biocompatibility of the system.

■

CONSTRUCTION OF TARGETED DENDRIMER
NANOSCAFFOLDS
Targeting is important in that it can provide higher contrast to
imaging of the targeted organ or more eﬃcacious therapy to the
speciﬁc diseased sites. Tumor targeting of nanoconstructs can
be achieved by either passive or active targeting mechanisms.
The passive-targeting approach takes advantage of the EPR
eﬀect,94−96 which resulted from the rapid tumor growth during
tumor angiogenesis because a defective vascular architecture is
required to sustain the demand for adequate nutrient and
oxygen supply as well as the waste disposal.97 The defective
vasculatures are characterized by unusually large gaps (ca. 300−
800 nm) between adjacent endothelial cells of the tumor blood
vessels resulting from an abnormal arrangement of the
basement membrane and perivascular cells.98 This led to the
enhanced permeability of the blood vessels of solid tumors to
blood-borne macromolecules or nanoparticles. However, it
should be also remembered that the normally high interstitial
pressure in angiogenic tumors along with the chaotic and
disorganized neovasculatures may partially oﬀset the extravazation of particles caused by the EPR.97 Nonetheless, due to the
lack of an eﬀective lymphatic drainage system,99 solid tumors
can accumulate nanoconstructs that leak out of the permeable
blood vessels, especially the ones stealthy of RES sequestration.100,101 Many drug-loaded dendrimer systems have been
reported with eﬃcient uptake in prostate cancer for therapeutic
treatment by taking advantage of this passive targeting
mechanism.73,74
Active targeting strategies normally exploit the existence of
speciﬁc molecular signatures of targeted sites. In general, tumor
cells of a speciﬁc cancer type overexpress speciﬁc receptors or
antigens. It would be straightforward to conjugate nanoconstructs with the speciﬁc ligands of the receptors or antigens
for active targeting, which may allow early diagnosis, patient
stratiﬁcation, or personalized therapy at molecular level while
alleviating cytotoxicity to normal tissues.102 To date, varieties of
nanoconstructs have been functionalized with small molecules,
peptides, and antibodies to target endothelial receptors on the
microvasculature of proliferating tumors.103−107 Here we focus
our discussion on two commonly exploited targets for targeted
imaging or therapy of prostate cancers: prostate-speciﬁc
membrane antigen (PSMA) and αvβ3-integrin.
Targeting the Prostate-Speciﬁc Membrane Antigen
(PSMA). PSMA is a type II transmembrane glycoprotein that is
overexpressed in prostate cancer and neovasculature, but not in
the vasculature of the normal tissues.108,109 A cell surface
protein that presents a large extracellular domain (amino acids
44−750), PSMA has been utilized as an eﬀective target for
monoclonal antibody directed imaging agents or therapeutics
for prostate cancer.110−113 Indeed, the only U.S. Food and
Drug Administration (FDA) approved prostate cancer imaging
agent is an 111In-labeled PSMA monoclonal antibody (7E11C5.3).110,112 Clinical trials showed that SPECT imaging with
this agent had improved sensitivity in the detection of prostate
cancer compared to CT or MRI, and it is in clinical use to
deﬁne the stage of localized prostate cancer and metastases in
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generation increases (G8: r1 = 35 mM−1 s−1).23 This can be
attributed to the decreased water accessibility of Gd(III) in the
high-generation dendrimer structure. Therefore, the G6
PAMAM dendrimer scaﬀold is the most frequently used for
the r1 enhancement of Gd(III)-based contrast agents.150−153
Inherent from the nature of dendrimers, diﬀerent generations
of dendrimer can be used for diﬀerent applications. As such,
diﬀerent generations of Gd(III)-dendrimer contrast agents have
been reported for diﬀerent imaging applications:the drainage
lymph node, vasculature (angiograph), kidney, tumor, or even
the whole blood pool.23
Computed Tomography (CT). An inherent anatomical
imaging technique, CT provides excellent hard tissue contrast.
To enable X-ray based angiography, a contrast agent that
eﬃciently absorbs X-rays is needed through a systemic
administration. In sharp contrast to the huge volume of reports
using dendrimer scaﬀolds for MRI signal enhancement, few
such eﬀorts have been seen for CT contrast agents. The typical
synthesis of CT contrast agents constructed from dendrimer
scaﬀolds was seen in a recent report, in which a series of G3,
G4, and G5 dendrimers with a PEG core were conjugated with
tri-iodophthalamide moieties to the peripheral amino
groups.154 Among them, the G4 dendrimer conjugate showed
the optimal intravascular contrast in a rat model, while all
conjugates exhibited adequate water-solubility, low osmolality,
and good chemical stability.
Optical Imaging. Optical imaging’s popularity in molecular
imaging can be partially attributed to the common use of a
charge-coupled device (CCD) camera, which is portable and
relatively inexpensive. In addition to its inherent high
sensitivity,155,156 it has excellent temporal and spatial
resolution.157−159 Even though the limited depth of tissue
penetration of the light signals makes optical imaging cannot
compete with PET, MRI, and CT in clinical applications, it still
holds great potential for understanding the disease progression
and therapeutic evaluation at preclinical level. Detail for the
applications of optical imaging can be found in many review
articles.160−165 Because of the inherent high sensitivity of
optical imaging, it is often unnecessary to apply a nanoconstruct
to enhance its signal readout. In most cases, optical imaging
probes were incorporated into a nanoscaﬀold for a secondary
purpose, such as ex vivo validation of in vivo imaging results
obtained from other imaging techniques.150,166,167 For instance,
a dual imaging probe can be constructed from a G5 dendrimer
scaﬀold by conjugating three imaging reporters to the surface
amine groupstwo ﬂuorophores (Cy5.5 and Rhodamine) for
optical imaging and ﬂuorescence microscopy, Gd(III)-DOTA
for MRI, and a targeting molecule (angiopep-2) for transcytosis
and glioblastoma targeting. The resulting nanoprobe was able
to cross the blood−brain barrier and reach the target for optical
and MR imaging of glioblastoma.168
Positron Emission Tomography (PET) and Single
Photon Emission Computed Tomography (SPECT). PET
and SPECT are two main nuclear imaging techniques that are
capable of providing tomographic and quantitative functional
information inside a living subject.169,170 In theory, natural
nonradioactive substance in an organism’s physiological and
biochemical processes can be measured by its radioactive
counterpart based on the tracer principle. In reality, most PET
and SPECT procedures are performed with radiolabeled
compounds, called radiopharmaceuticals or radiotracers or
nuclear imaging probes, which rarely have their biological
counterparts. The physical diﬀerence of PET and SPECT in the

In prostate cancer, the expression of αvβ3-integrin is
commonly observed in several cell lines including DU145
and PC-3. Interestingly, it was found that the adhesion and
migration of cancer cells was mediated partly by αvβ3-integrin
during distal metastasis of prostate cancer. Not surprisingly,
αvβ3-integrin targeted dendrimers have been reported with the
potential for targeted imaging and therapy of prostate
cancer.141,142

■

IMAGING APPLICATION OF DENDRIMER
NANOSCAFFOLDS
Given the unique structural features, dendrimers have been
extensively utilized for molecular imaging research. The
imaging application of dendrimer nanoscaﬀolds is mainly
based on the facts: (1) the versatility of surface chemistries
can tailor a common dendrimer scaﬀold for diﬀerent
applications and imaging signal ampliﬁcation if necessary; (2)
functionalities can also be incorporated into the core and the
interior radial structures; and (3) most dendrimer scaﬀolds are
robust under physiological conditions. In this section, we brieﬂy
discuss the imaging applications of dendrimer scaﬀolds
categorized by common imaging modalities.
Magnetic Resonance Imaging (MRI). With exquisite
spatial resolution and superior soft tissue contrast, MRI holds
great promise in the diagnosis of prostate cancer. However,
MRI with gadolinium-based contrast agents is inherently less
sensitive as compared to PET or SPECT. This is where
dendrimer scaﬀolds can come to play an important role. Earlier
eﬀorts were made on linear and hyperbranched polymers, to
which multiple copies of contrast agent were attached for the
desired signal enhancement.143,144 However, their in vivo
applications were hampered by the inherent polydispersity
and ineﬃcient renal excretion of the polymer conjugates. In
contrast, dendrimer scaﬀolds are monodisperse, and their sizes
are tunable for optimal biodistribution. 23 In addition,
dendrimers can also be retained in solid tumors through EPR
eﬀect, where the Gd(III)-based T1 relaxivity can be further
enhanced via the conﬁned moving and tumbling. To date,
dendrimers have been reported for both T1 and T2 contrast
agents: (1) dendrimers containing superparamagnetic iron
oxide particles (SPIO) (magneto-dendrimers) and (2)
dendrimer incorporated with high numbers of Gd(III)chelates.145,146 The former is exempliﬁed by a G4.5 PAMAM
dendrimer system loaded with iron oxide particles147 with
potential to be used as a cell tracking agent for monitoring the
fate of stem cells. Such magneto-dendrimer scaﬀolds have also
shown utility in gene delivery into cells. Interestingly, the cell
uptake level of DNA-loaded cationic magneto-dendrimers can
be dramatically enhanced in the presence of magnetic ﬁeld due
to the magnetic nature.148 For instance, a G6 PAMAM
dendrimer loaded with SPIO was used to transfect COS 7
cells.149
Compared to the magneto-dendrimers, Gd(III)-complex
loaded dendrimers were much more widely used. Conjugation
of Gd(III) complexes to dendrimer’s peripheral functional
groups results in a signiﬁcant enhancement of relaxivity. For
example, the r1 relaxivities of G4 and G5 PAMAM dendrimers
conjugated with Gd-DTPA (DTPA: diethylene triamine
pentaacetic acid) can be considerably enhanced (G4: r1 = 28
mM−1 s−1; G5: r1 = 30 mM−1 s−1) as compared to the low
molecular weight Gd-DTPA (Magnevist: r1 = 5.5 mM−1 s−1). It
is noteworthy that the proton relaxivity of the Gd(III)-loaded
dendrimers are not enhanced proportionally as the dendrimer
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Table 1. Radioisotopes of Interest for the Development of Dendrimer-Based Diagnostics and Therapeutics for Prostate Cancera
radioisotope

half-life (t1/2)

decay mode

64

Cu

12.7 h

67

Ga
Ga

3.3 d
68 min

Y
Y
111
In
123
I

14.7 h
64.1 h
67.9 h
13 h

124

I

4.2 d

125

I
I

59 d
8.0 d

177

Lu

6.7 d

186

Re

3.8 d

188

Re

16.9 h

β+ (17.4%)
γ (40%)
EC (100%)
β+ (90%)
EC (10%)
β+ (33%)
β− (100%)
EC (100%)
EC (87%)
γ (85%)
β+ (22%)
γ (78%)
γ (100%)
β− (89%)
γ (81%)
β− (100%)
γ (27%)
β− (93.1%)
EC (6.9%)
β− (100%)
γ (15%)

68

86
90

131

labeling moieties

principal applications

ref

DOTA
CB-TE2A
NOTA
DOTA, NOTA

PET, radiotherapy

171, 172

SPECT
PET

173, 174
175

DOTA
DOTA
DOTA
tyrosine residue or Bolton-Hunter moiety

PET, radiation dosimetry
radioimmunotherapy
SPECT, radiotherapy
SPECT

176, 177
178−180
181−183
184

PET

185

SPECT
SPECT, radiotherapy

186
187

DOTA

SPECT, radiotherapy

179

HYNIC

SPECT, radiotherapy

188−190

HYNIC

SPECT, radiotherapy

190−193

a
EC: electron capture; DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; NOTA: 1,4,7-triazacyclononane-1,4,7-triacetic acid; CBTE2A: 2,2′-(1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane-4,11-diyl)diacetic acid; HYNIC: 6-hydrazinonicotinamide.

Among the noninvasive imaging techniques, PET or SPECT
is exceptionally sensitive but with poor spatial resolution, while
MRI has high spatial resolution and exquisite soft tissue
contrast but with low sensitivity. Therefore, the synergistic
combination of PET/MRI or SPECT/MRI will certainly be
advantageous over MRI, PET, or SPECT alone.198 To date,
integrated PET/MRI scanners have been successfully implemented with potential to become the mainstream of molecular
imaging in near future. For PET/MRI or SPECT/MRI,
imaging agents that enable both imaging procedures could
provide complementary information for a better diagnosis.
However, the major challenge is how to overcome the large
diﬀerence in sensitivity of the two techniques. Nanoparticlebased agents have been extensively pursued in this regard.
Obviously, the design and synthesis of such dual-modality
imaging probes can be readily realized by attaching bifunctional
chelators to the surface of dendrimers loaded with superparamagnetic iron oxide (SPIO) or Gd(III) chelates.
Information obtained from the dual-modality imaging of
PET/MRI are anticipated to enable the perfect colocation
and cross-validation of MRI and PET agents in the target
regions of interest. While the MRI scan provides the anatomical
information, motion artifact correction, and PET partial volume
correction, the PET scan can be used for better imaging
quantiﬁcation so that higher detection sensitivity can be
achieved with more accurate molecular signature changes
over the course of study.199−201

use of radioisotopes dictates the types of hardware and software
for the detection, localization, and quantiﬁcation of the decay
events. While PET detects pairs of 511 keV γ-rays resulted from
the annihilation of positions emitted from the PET imaging
probe with electrons, SPECT acquires γ-rays directly emitted
for the radiotracer. Unlike visible light, γ-rays can easily pass
through the body and be detected for quantitative imaging
construction and data analysis. The commonly used radioisotopes in PET and SPECT are listed in Table 1.
Dendrimer nanoscaﬀolds have been commonly seen in PET
and SPECT studies.26,194 The purpose of incorporating a
nuclear imaging reporter into the nanoconstructs is to track the
in vivo distribution and quantify the targeted delivery of the
nanoconstruct system. The conjugation chemistry approach is
virtually identical to what have been described above. The only
diﬀerence is that diﬀerent radioisotopes of choice require their
corresponding chelators or labeling functionalities (Table 1).
This is based on the concept that the radiolabel moiety must
remain stably attached to the nanoconstructs; otherwise the
imaging readouts will not reﬂect the biological behavior of the
nanoconstructs. It is noteworthy that dendrimer scaﬀolds
conjugated with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) can be labeled with many diﬀerent
radioisotopes, which include 177Lu, 111In, and 67Ga for SPECT
imaging179,183,194 or 68Ga, 64Cu, and 86Y for PET imaging.195−197 When considering a proper radioisotope for a
speciﬁc application, the biological half-life of the nanoconstruct
determines the radioisotope options. For instance, a lowgeneration dendrimer (G0−G3) that has a rapid clearance
proﬁle through kidneys should be labeled with a short-lived
radioisotope, such as 68Ga or 64Cu. In contrast, a highgeneration dendrimer (>G7) with long biological half-life
should be labeled with a long-lived radioisotope, such as 111In
or 177Lu. In the latter cases, the in vivo stability of the metal
chelate moiety must be considered.

■

THERAPEUTIC APPLICATIONS OF DENDRIMER
NANOSCAFFOLDS
Dendrimer nanoscaﬀolds have been used to carry a variety of
therapeutic agents for either passively or actively targeted
delivery with the aim to improve the therapeutic eﬃcacy of
cancer treatment. The design and synthesis of therapeutic
dendrimer-based drug delivery systems takes a similar methodology as described in the previous sections. The major design
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Figure 5. Self-assembly of siRNAs on a dendrimer scaﬀold for gene therapy of prostate cancer. The sticky siRNAs of heat shock protein 27 (Hsp27)
bear complementary An/Tn (n = 5 or 7) 3′-overhangs (An: yellow; Tn: red). The overhangs serve two roles in this siRNA delivery vehicle design:
facilitating the self-assembly of the siRNAs and noncovalently anchoring the siRNAs at the dendrimer scaﬀold for delivery. Reprinted from ref 221.
Copyright 2012 American Chemical Society.

the encapsulation of a camptothecin analogue, 10-hydroxycamptothecin (10-HCPT).209 While the G4-PGLSA dendrimer bearing hydroxyl groups (G4-PGLSA-OH) failed to
encapsulate the drug molecules, the one with carboxylate
groups (G4-PGLSA-COONa) succeeded. The G4-PGLSACOONa dendrimer could also be loaded with 7-butyl-10aminocamptothecin (BACPT). Encouragingly, both drugencapsulated G4-PGLSA-COONa dendrimers showed a
signiﬁcant improved anticancer activity to various cancer cell
lines.210 The current challenge is how to overcome the lack of
controlled release mechanisms.
In addition to the encapsulation approach, covalent linkages
can also be utilized for drug loading. As discussed in the
chemistry strategies of controlled drug release, chemical bonds
selectively labile to diﬀerent in vivo conditions are required.
Given the two available conjugation sites of MTX, it can be
nonvalently linked to a dendrimer scaﬀold through either
carboxylate or amine groups.211 While both dendrimer-MTX
conjugates were formed by the amide linkage, the former
showed an appreciable sensitivity increase against an MTXresistant human leukemic lymphoblasts cell line, while no
sensitivity increase was observed for the latter. This diﬀerence
of therapeutic eﬃcacy might be attributed to the dendrimer’s
surface charge after the release of MTX. Other dendrimer−
drug conjugate systems were also reported for cisplatin,212
indomethacin,213 and paclitaxel.74,214
Gene Therapy: Suicide Gene, siRNA, and microRNA.
Gene therapy is a therapeutic approach with the potential for
prostate cancer therapy. However, with over 90 clinical
protocols of gene therapy, only four of them progressed to
phase III.215 By far, viral systems are the most eﬀective gene
delivery carriers, but the safety concerns (e.g., acute toxicity,
immunogenicity, and oncogenicity, etc.) remain the biggest
hurdle for the translational and clinical trials.216,217
Recently, a nonviral delivery system constructed from a G5
PAMAM dendrimer was reported for herpes simplex virus
(HSV)-thymidine kinase (TK)/ganciclovir (GCV) and connexin43 (Cx43) duo-suicide gene therapy. The G5-PAMAM
conjugate delivered suicide genes TK-Cx43 led by a PSMA
promoter, and this double-targeted and double-enhanced
system was demonstrated being eﬀective in inducing cell
growth inhibition and apoptosis in vitro and suppressing tumor
growth in vivo in PSMA+ LNCaP tumors but not in PSMA−
PC-3 tumors.218

concerns include the biocompatibility of the nanocontructs,
bioavailability of the loaded therapeutics (controlled release),
and the in vivo kinetics of the dendrimer-based drug delivery
system. In this section, we brieﬂy discuss the therapeutic
applications of dendrimer scaﬀolds categorized by common
therapeutic interventions.
Chemotherapy. To date, many chemotherapy drugs have
been seen in the construction of dendrimer-based drug delivery
vehicles, which include Curcumin,202−205 Genistein,206 cisdiamminedichloroplatinum (Cisplatin),147,188 PTX,73,74 resveratrol,207 DOX,129 camptothecin (CPT),148,149 and MTX.40,150
Curcumin has shown potential to suppress in vitro prostate
cancer cell proliferation in both androgen-sensitive prostate
cancer cell line LNCaP and androgen-independent cell line
DU145202−205 and in vivo tumor growth in a LNCaP xenograft
mouse model.203 Similar inhibitive eﬀects have been seen for
Genistein to suppress prostate cancer growth.206 The purpose
of constructing a dendrimer-based drug delivery system is to
improve the bioavailability and increase the payload of the
drugs so as to achieve a more eﬃcacious therapy while reducing
the toxic eﬀects on healthy tissues. It was found that the interior
size of a dendrimer system plays an important role in the
noncovalent packing of drugs. For instance, a high-generation
dendrimer (G7−G9 PAMAM) has a tight structure, which
provides less accessibility of drug molecules to the interior
space. As such, a lower generation of PAMAM dendrimers
(G4−G6) is preferred for the noncovalent loading of drugs into
the interior space of the dendrimer (Figure 1).29 Structural
analysis showed that Cisplatin was able to bind to PAMAM
dendrimers through the interaction between Pt cations and the
hydrophilic region of peripheral amino groups.208 PAMAM
dendrimers were reported with great potential to encapsulate
many chemotherapeutic drugs such as Curcumin, Genistein,
and Resveratrol via noncovalent interactions. It was found that
the encapsulation eﬃciency as measured by the binding aﬃnity
increases from G4 PAMAM to G4 PAMAM with PEG to G3
PAMAM with PEG, while the drug release rate was in the order
of Curcumin > Cisplatin > Genistein > Resveratrol.208 Hence,
PAMAM-based dendrimer scaﬀolds are able to carry both
hydrophilic and hydrophobic drugs depending on the spatial
geometry of the dendrimer scaﬀolds. Poly(glycerol succinic
acid) dendrimers (PGLSA dendrimers) were investigated to
encapsulate hydrophobic CPTs, in which the peripheral groups
of G4-PGLSA dendrimers were found with an important role in
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RNA interference (RNAi) has emerged as a new promising
approach for gene therapy. RNAi is a sequence-speciﬁc gene
silencing process which is controlled by the RNA-induced
silencing complex (RISC). With the speciﬁc sequence against
the complementary mRNA, small interfering RNA (siRNA) can
trigger RNAi activity, interfere mRNA translation, and further
block the downstream protein synthesis. Given the great
potential of this approach for gene therapy, tremendous eﬀorts
have been seen to apply available methods for siRNA
delivery.219−222 Of them, a cell-internalizing aptamer has
shown great promise for gene therapy of prostate cancer by
directing the siRNA delivery system to PSMA.223 Recently, a
PAMAM dendrimer with a triethanlamine (TEA) core was
shown with the ability to directly serve as the vector of a siRNA
targeting heat shock protein 27 (Hsp27),224 an ATP-dependent
molecular chaperone up-regulated during the hormone ablation
and chemotherapies of prostate cancer treatment. The
inhibition of Hsp27 expression leads to the increased level of
caspase 3-dependent apoptosis thus suppressing tumor growth
rate.225,226 Through the self-assembly of the siRNA by adding
complementary RNA with An/Tn 3′-overhangs, a lowergeneration PAMAM dendrimer was found with potential to
assemble siRNA for intracellular delivery. With this eﬀective
siRNA delivery system, silencing of Hsp27 gene was observed
along with activated caspase 3-dependent apoptosis and
inhibited tumor cell proliferation in a PC-3 xenograft mouse
model (Figure 5).221
Although siRNA has been widely used, it is diﬃcult to
suppress the cancer progression via blocking a single gene
activity. Recently, the discovery of microRNAs (miRNAs) has
advanced RNAi into the mechanistic research of gene
regulation.227 A group of endogenous noncoding RNAs,
microRNAs are able to either activate or inhibit protein
translations.228 Recent evidence indicates that miR-15a and
miR-16-1 act as tumor suppressor genes in prostate cancer by
down-regulating the expression of survival genes such as bcl2,
ccnd1, and wnt3A.229 When functionlized with maleimide
groups, a G5 PAMAM dendrimer was reported with capability
to deliver thiolated miR-15a and miR-16-1 into prostate cancer
cells to induce the cell death.130 This provides a new promising
method to develop novel therapies against advanced prostate
cancer.
Immunotherapy and Radioimmunotherapy. Due to
the intrinsic low proliferation of prostate cancer, chemotherapy
drugs aimed to ablate cancer cells with high proliferation index
might not be eﬀective. With the success of immunotherapy
using Rituximab (anti-CD20) and Trastuzumab (anti-erbB2),
monoclonal antibodies have become one of the fast-growing
classes of cancer therapeutics,230 which involves several prostate
cancer related targets (e.g., prostate-speciﬁc antigen, mucin, and
PSMA), and other cell surface receptors such as the epimermal
growth factor receptor (EGFR) and the human epidermal
growth factor receptor 2 (HER2/neu).231 Cancer vaccine has
also shown potential in prostate cancer therapy. To date,
several prostate cancer associated antigens have been identiﬁed,
which can serve as targets for vaccine development.232
Moreover, by combining cancer vaccination and hormonal
ablation therapy, a considerable expansion of vaccine-induced
eﬀector cells was observed. Therefore, active immunotherapy
against prostate cancer might be more potent than the
traditional chemotherapy against prostate cancer after androgen
ablation treatment.233 Not surprisingly, dendrimer has been
used for vaccine delivery.234

Radioimmunotherapy is a straightforward extension of
immunotherapy when the monoclonal antibody is labeled
with a therapeutic radioisotope, such as 177Lu, 90Y, or
131 235−237
I.
The chemistry strategies involved in radioimmunotherapy are nearly identical to the approaches discussed in the
imaging applications.
Cell receptor-based therapies also include the use of peptides
or other small targeting molecules, which can be readily and
cost-eﬃciently identiﬁed by combinatorial library approaches
and synthesized by solid phase chemistry modules. Unlike
monoclonal antibodies, these small receptor-speciﬁc ligands do
not elicit immune-responses and can withstand harsh
conditions for chemical modiﬁcations. Because small molecules
often exhibit rapid in vivo kinetics, conjugating them with a
dendrimer nanoscaﬀold is a convenient way of developing them
for targeted cancer therapeutics.

■

TOWARD DENDRIMER-BASED THERANOSTICS OF
PROSTATE CANCER THROUGH RADIOISOTOPE
INCORPORATION
From the perspective of nuclear medicine, theranostics is just a
new compound word. The concept and practice in nuclear
medicine can be traced back to 1940s because of the
straightforward dual use of radioisotopes that emit both β−
particles for therapy and γ-rays for scintigraphic diagnosis as in
the routine clinical practice of using radioiodine nuclides for
diﬀerentiated thyroid therapy. Indeed radioisotope imaging
allows noninvasive and longitudinal assessment of drug delivery
and thereafter treatment eﬃcacy, which can also be elicited by
radiotherapeutic particles emitted by the radioisotope itself.
Similar radioisotopes to radioiodine are commonly seen in
conventional nuclear medicine. For instance, both 186Re (t1/2 =
3.78 d) and 188Re (t1/2 = 16.9 h) can be used for SPECT
imaging (γ-energies: 137 keV and 155 keV, respectively) and
radiotherapy (β− emissions: 1.07 MeV and 2.12 MeV,
respectively) (Table 1).188−193 Conveniently available from a
commercially available generator, 188Re is more commonly seen
in research and clinical practice. The pair of 186Re and 188Re can
be judiciously chosen for the radotherapeutic treatment of solid
tumors with diﬀerent sizes. While 188Re is optimal for the
radiotherapy of large tumors, the lower β− emission energy
makes 186Re more suitable for small tumor treatment. To date,
both 186Re and 188Re have been found in the construction of
radioactive nanoconjugates.192,238−240 For instance, 186Relabeled liposomes loaded with doxorubicin was reported for
SPECT imaging and chemoradionuclide therapy of cancer in a
head and neck squamous cell carcinoma xenograft rat model.188
Multiple SPECT images acquired in a 120 h period showed the
in vivo kinetics of the radioactive nanoconjugate, which had a
slow blood clearance, low liver uptake, and an increasing
deposition in both spleen and tumor. When labeled with 188Re,
PEGylated liposome-based nanoconjugates of doxorubicin were
reported with therapeutic potential in various cancer animal
models,241−246 indicating that nanoscaﬀolding is a practical
means to aﬀord desired pharmacological and targeting
properties for imaging and therapeutic agents.
Lutetium-177 (t1/2 = 6.71 d) is also a radioisotope emitting
both γ-rays (208 keV; 11%) and β− particles (0.5 MeV), which
can ﬁnd applications in the development of theranostic agents.
Obviously, approaches as described above are applicable to
177
Lu, and they have been seen in the literature. Mostly
recently, a 177Lu-labeled nanoconjugate constructed from C80
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Figure 6. A Janus-like dendrimer system with potential to serve as scaﬀold to present stoichiometric multifunctionalities for the development of
theranostic agents. The dendrimer core is depicted in dark red; azide groups in purple; amine termini in red; and the terminal acid groups in green.
Reprinted from ref 78. Copyright 2011 American Chemical Society.

fullerenes (177Lu-DOTA-f-Gd3N@C80) was reported as a
theranostic agent to deliver eﬀective interstitial brachytherapy
in two orthotopic xenograft brain tumor models of glioblastoma
multiforme (GBM).247 Although the SPECT imaging potential
with 177 Lu-DOTA-f-Gd 3 N@C 80 was not performed or
mentioned in the paper, it can deﬁnitely provide a noninvasive
and quantitative tool to monitor the delivery and therapeutic
eﬃcacy of the radioactive nanoconstruct.
Obviously, other radioisotopes including 64Cu and 111In that
emit positrons or γ-rays for PET or SPECT imaging and β− or
Auger electrons for radiotherapy can be simply used to
construct theranostic agents in the form of either small
molecules or nanoconjugates.
However, even with straightforward approaches for the
design and synthesis of radioactive nanoconstructs for
theranostic agent development, using radioisotopes is not
always considered as an ideal method in this endeavor.
Unnecessary radiation exposure and public fear of radiation
are among the main concerns. Another major issue with the
radioisotope-enabled theranostics is that radioactive decay is
always going on and irradiates the whole body when
systemically administered. From the perspective of in vivo
pharmacokinetics, radioisotope-labeled nanoconjugates might
not be able to ﬁnd a practical application in clinics because of
the excessive irradiation to nontarget organs resulting from the
inevitable passive accumulation in the RES organs and the long
blood circulation half-life of the nanoconjugates unless they can
be eﬃciently cleared from kidneys.248,249 On the other hand,
small molecules with organ-speciﬁc targeting properties and an
eﬃcient clearance proﬁle can be well-positioned in the
development of radioisotope-enabled theranostic agents as in
the conventional nuclear medicine practice with radioiodine.
The design and synthesis of theranostic agents other than
radioisotope-enabled ones remains challenging. In this regard,
nanoscaﬀolds are advantageous over small molecules in that a
nanoscaﬀold typically presents multiple functionalities and a
high potential payload for functional molecules. In other words,
the capability of multipresentation of a molecule and
multiplexing of diﬀerent functionalities makes nanoscaﬀolds
an appealing class of carriers for targeted delivery of both

diagnostics and therapeutics in a single entity, namely, a
theranostic agent. As discussed above, given the unique
structural features and proven potential in both imaging and
therapy applications, dendrimers are a practical class of
nanoscaﬀolds that can ﬁnd active roles in the development of
theranostics. However, in spite of the functional versatility of
dendrimers, a theranostic agent cannot simply be prepared by
presenting three diﬀerent functionalities (diagnostics, therapeutics, and targeting vector) on a single dendrimer
nanoscaﬀold. Although a dendrimer system has a well-deﬁned
structure, presenting diﬀerent functionalities may incur
unexpected chemical interference between diﬀerent functional
groups or regions, which would result in a failed or an
irreproducible reaction. From the perspective of chemistry, an
ideal dendrimer nanoscaﬀold should present diﬀerent functional groups with a deﬁned stoichiometry for orthogonal
functionalization so as to achieve the designed theranostics
reproducibly in a controlled manner. Such examples exist in the
literature. For instance, a Janus-like dendrimer scaﬀold formed
by combining two separately synthesized dendrons was recently
reported. Shown in Figure 6, this Janus-like dendrimer system
presents diﬀerent functionalities with deﬁned stoichiometry: 9
azide, 9 amine, and 54 carboxylate groups,78 which enabled an
orthogonal functionalization to present the deﬁned number of
each functional molecule for a potential theranostic agent.
The systematic development of theranostic agents based on
nanoscaﬀolds is still in its infancy, although promising examples
have been shown in the literatures. To illustrate the basic
concept and current status of nanoscaﬀold-based theranostic
agent development, we summarized the key components that
have been used for the construction of theranostic agents in
Table 2.
In summary, while advances in the ﬁeld of theranostic agent
development are obvious, challenges still remain to be
addressed even in the preclinical development status: (1)
dosage diﬀerence between the components of therapeutics and
diagnostics if a dual-use radioisotope is used; (2) passive uptake
in RES organs; (3) toxicity and aggregation of dendrimer
scaﬀolds after functionalization; (4) bioavailability or controlled
release of loaded therapeutics; (5) diﬀerent requirements of in
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Table 2. Functional Components with Proven Potential for
the Design and Construction of Prostate Cancer
Theranostics
application
active
targeting

passive
targeting
diagnostics

type or module

functionalities

references

peptide
PSMA-targeted
antibody

RGD peptide (cRGDyk)
J591/MLN591
7E11-C5.3

PSMA-targeted
aptamer
EPR eﬀect

E6
J415
A10 aptamer
A10-3.2 aptamer
Carrier’s size

MRI

gadolinium (Gd), SPIO

CT
optical imaging

tri-iodophthalamide
near-infrared ﬂuorophore
(Cy5.5 and
Rhodamine)
PET: 64Cu, 68Ga, 86Y
SPECT: 111In, 67Ga,
177
Lu, 186/188Re,
123/125/131
I
curcumin
genistein
cisplatin
paclitaxel (PTX)

141, 142
115, 119
110, 112,
115
111
115
129
130
73, 74, 100,
101
145−147,
149
154
168

PET or SPECT

therapeutics

chemotherapy
drug

gene therapy

immunotherapy

radiotherapy

resveratrol
doxorubicin (DOX)
camptothecins (CPT)
methotrexate (MTX)
suicide gene
(HSK-TK/Cx43)
small interfering RNAs
miR-15a and miR-16-1
rituximab (anti-CD20)
trastuzumab (anti-erbB2)
hMAb425 (anti-EGFR
antibody)
90
Y, 64Cu, 177Lu, 186/188Re,
131
I
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ABSTRACT: 2[(3-Amino-3-carboxypropyl)(hydroxy)(phosphinyl)methyl]pentane-1,5-dioic acid) (GPI) is a highly
potent inhibitor of prostate speciﬁc membrane antigen
(PSMA) with a rapid in vivo clearance proﬁle from nontarget
organs including kidneys, but its use for imaging of PSMA is
impeded by an endogenous anion (serum phosphate)
competition, which compromises its speciﬁc binding to the
antigen. Multipresentation of a targeting molecule on a single
entity has been recognized as a practical way for imaging
sensitivity enhancement. Herein, we demonstrate a multivalent
approach based on a 64Cu-speciﬁc bifunctional chelator
scaﬀold to overcome the endogenous phosphate competition thus enabling the utility of GPI conjugates for in vivo detection
of PSMA and imaging quantiﬁcation. Both monomeric (H2CBT1G) and dimeric (H2CBT2G) conjugates were synthesized and
labeled with 64Cu for in vitro and in vivo evaluations. A 4-fold enhancement of PSMA binding aﬃnity was observed for H2CBT2G
as compared to H2CBT1G from the PSMA competitive binding assays performed on LNCaP cells. In vivo PET imaging studies
were conducted on mouse xenograft models established with a PSMA+ cell line, LNCaP, and PSMA− PC3 and H2009 cell lines.
64
Cu-CBT2G showed signiﬁcantly higher LNCaP tumor uptake than 64Cu-CBT1G at 1, 4, and 24 h postinjection (p.i.) (p <
0.05). In addition, tumor uptake of 64Cu-CBT2G remained steady out to 24 h p.i. (1.46 ± 0.54, 1.12 ± 0.56, and 1.00 ± 0.50%
ID/g at 1, 4, and 24 h p.i., respectively), while 64Cu-CBT1G showed a great decrease from 1 to 4 h p.i. The PSMA imaging
speciﬁcity of both H2CBT1G and H2CBT2G was demonstrated by their low uptake in PSMA− tumors (PC3 and H2009) and
further conﬁrmed by a signiﬁcant signal reduction in PSMA+ LNCaP tumors in the blockade study. In addition, the LNCaP
tumor uptake (% ID/g) of 64Cu-CBT2G was found to be in a positive linear correlation with the tumor size (R2 = 0.92, 0.94, and
0.93 for 1 h, 4 h, and 24 h p.i.). This may render the probe with potential application in the management of patients with prostate
cancer.
KEYWORDS: PSMA, prostate cancer, PET, 64Cu, multivalency
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INTRODUCTION
Prostate cancer is the second leading cause of cancer death
behind only lung cancer in American men. Noninvasive
imaging techniques, such as ultrasound, X-ray, computed
tomography (CT), magnetic resonance imaging (MRI),
single-photon emission computed tomography (SPECT), and
positron emission tomography (PET), have been used for the
diagnosis of prostate cancer along with conventional methods.
Despite the great success of FDG-PET scan (18F-FDG: 2deoxy-2-(18F)ﬂuoro-D-glucose) in other cancer types, its role in
prostate cancer is limited by the fact that prostate cancer at
early stages is not substantially upregulating glucose metabolism and the prostate glands are in close proximity of the
bladder, from which most of FDG activity is cleared.1 To date,
various PET radiotracers have been introduced for prostate
cancer imaging.1 For example, 11C or 18F-labeled choline
showed promising results for detecting primary and metastatic
prostate cancer but was inconsistent in ﬁnding densely sclerotic
bone lesions;2,3 11C-labeled acetate was reported with potential
© 2013 American Chemical Society

to detect local recurrences and regional lymph node metastases
but still remains investigative;4,5 radiolabeled peptides have
been exploited for prostate cancer imaging by speciﬁcally
targeting prostate cancer cell surface biomarkers or receptors.6,7
However, noninvasive PET assessment of prostate cancer, local
disease or distal metastasis, still remains a challenge.1,8
Prostate speciﬁc membrane antigen (PSMA) is a type II
transmembrane glycoprotein that is overexpressed in prostate
cancer but not in the vasculature of normal tissues.9 Moreover,
upregulation of PSMA expression is seen after androgen
treatment and found in a positive correlation with lymph node
metastases and prostate cancer grade.10,11 Therefore, PSMA has
been utilized as an eﬀective target to develop imaging agents or
therapeutics for prostate cancer. Indeed, a U.S. Food and Drug
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Administration (US FDA) approved prostate cancer imaging
agent is an 111In-labeled anti-PSMA monoclonal antibody
(111In-capromab pendetide). However, the application of 111Incapromab pendetide is limited because it only reacts with the
intracellular epitope of PSMA. Other anti-PSMA antibodies
(e.g., J591) that recognize the extracellular PSMA domain have
become available, but antibody-mediated imaging suﬀers from
the inherently slow pharmacokinetics and retarded washout
rates of antibodies.12,13 Therefore, while monoclonal antibodies
such as J591 are more intended for PSMA-based radioimmunotherapy,14 small organic molecules have been developed for PSMA-targeted imaging and encouraging results have
been seen with glutamate-urea-based and phosphoramidatebased PSMA-targeting ligands.15−19 A few years ago, 2[(3amino-3-carboxypropyl)(hydroxy)(phosphinyl)methyl]pentane-1,5-dioic acid) (GPI) was reported as a potent
inhibitor of PSMA with a high binding aﬃnity to prostate
cancer cells.20 Impressively, GPI was found with a rapid in vivo
clearance proﬁle from nontarget organs including kidneys,
which can be regarded as a rather favorable property as
compared to the glutamate-urea-based ligands.20 However, it
was also found that the PSMA binding of GPI conjugates was
compromised by the serum phosphate anions. To overcome
this endogenous competition,21 a multivalency approach was
reported by presenting three copies of GPI on an adamantane
scaﬀold. The adamantane-trimerized GPI conjugate was labeled
with 99mTc, which showed signiﬁcantly enhanced in vitro
binding aﬃnity to PSMA but lacking a follow-up in vivo
evaluation.22,23
The role of multivalency has also been recognized in the
design of molecular imaging probes for detection sensitivity
enhancement. A multivalent imaging probe can be constructed
by either attaching a multimeric targeting vector to an imaging
platform24 or imparting the desired multivalency through
multipresentation of a target vector on the platform.25,26
Indeed, the ﬁrst multimeric PSMA-targeted imaging agent was
synthesized by the former approach through coupling a PSMA
binding glutamate-urea motif with a bifunctional chelator
(DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid) in order to enhance the speciﬁc binding aﬃnity.27
However, the complicated synthetic method involved use of
solid phase and click chemistry procedures. In the past decade,
64
Cu has garnered its popularity in both PET imaging and
radiotherapy mainly due to its decay characteristics (t1/2 = 12.7
h, 17.4% β+, Eβ+max = 0.656 MeV) and its availability in largescale quantities with high speciﬁc activity.28 In this work, we
used the latter approach to construct a dimeric PET imaging
probe for PSMA detection by presenting two copies of GPI on
a bifunctional chelator scaﬀold25 derived from CB-TE2A (2,2′(1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-diyl)diacetic
acid), an ideal Cu(II) chelator for PET imaging. In vivo
evaluations of the resulted 64Cu radiotracers were performed in
mice bearing LNCaP (PSMA+) and other PSMA− tumor
xenografts.

solution was purchased from University of Wisconsin. The
Na125I solution was purchased from Perkin-Elmer. High
performance liquid chromatography (HPLC) was performed
on a Waters Xterra Shield RP18 Prep column (250 × 10 mm,
10 μm) and read by a Waters 2996 photodiode array detector
and an in-line Shell Jr. 2000 radio-detector. The mobile phase
was H2O with 0.1% TFA (solvent A) and acetonitrile with 0.1%
TFA (solvent B). The gradient consisted of 0% B to 80% B in
0−40 min at 4.0 mL/min ﬂow rate. Radio-TLC analysis was
performed on a Rita Star Radioisotope TLC Analyzer
(Straubenhardt, Germany) to monitor the radiolabeling
reaction using C18 reverse phase silica gel plate and 10%
NH4OAc:CH3OH = 1:1 (v/v) as the mobile phase. GPI was
synthesized by following the published procedures with minor
modiﬁcations, and it remained as a racemic mixture upon the
chiral center at the α position of the glutamic acid moiety.29−32
Both tBu-protected CB-TE2A-1DA (2-(11-(carboxymethyl)1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)pentanedioic
acid) and CB-TE2A-2DA (2,2′-(1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-diyl)dipentanedioic acid) were prepared as
previously reported.25
Cell Culture and Animal Model. LNCaP, PC3, and
H2009 cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA). The PC3 cell line
was cultured in T-media (Invitrogen Corporation, CA)
supplemented with 5% fetal bovine serum (FBS) and 1×
penicillin/streptomycin (PS). LNCaP cells were cultured in
RPMI 1640 media (HyClone, Thermo Scientiﬁc, IL), with 2.05
mM L-glutamine supplemented with 10% FBS. H2009 cell line
was cultured in DMEM medium (Invitrogen Corporation, CA)
supplemented with 5% FBS. All cells were cultured at 37 °C in
an atmosphere of 5% CO2 and passaged at 75−90% conﬂuency.
Male SCID mice (6−8 weeks of age) were purchased from the
Wakeland Colony at UT Southwestern. All animal studies were
approved by UT Southwestern IACUC. For LNCaP
subcutaneous tumor model, LNCaP cell suspension was
injected subcutaneously (2.5 × 106 cells per injection with
75% BD Matrigel, injection volume 100 μL) into the right and
left shoulders of mice. For the PC3 and H2009 dual-tumor
model, PC3 cell suspension was injected subcutaneously (2.0 ×
106 cells per injection with 50% BD Matrigel, injection volume
100 μL) into the right shoulder and H2009 cell suspension was
injected subcutaneously (1.0 × 106 cells per injection, injection
volume 100 μL) into the left shoulder on the same mouse.
After injection, animals were monitored twice a week by general
observations. Tumor volume (mm3) was calculated using the
ellipsoid formula (π/6 × length × width × depth).
Preparation of H2CBT1G. To a solution of tBu2-CB-TE2A1DA (0.025 g, 47.5 μmol) in anhydrous acetonitrile (0.7 mL)
were added N-hydroxysuccinimide (NHS, 0.010 g, 82.8 μmol)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, 0.016 g, 82.8 μmol). The resulting solution
was stirred overnight at room temperature (rt). The solvent
was then removed under vacuum to aﬀord a crude product,
which was puriﬁed by HPLC (elution time: 26.7 min), and the
resulting fractions were lyophilized to give tBu2-CB-TE2A1NHS (0.013 g, 21.4 μmol, 45%) as a white solid. MALDITOF/MS m/z calculated for C31H53N5O8: 623.4. Found: 624.6
[M + H]+.
To a solution of the activated acid tBu2-CB-TE2A-1NHS
(0.005 g, 8.03 μmol) in anhydrous acetonitrile (0.5 mL) was
added the solution of GPI (0.003 g, 9.64 μmol) in anhydrous
acetonitrile (0.2 mL). To the resulting mixture was added a

■

EXPERIMENTAL SECTION
General Methods and Materials. All chemicals, solvents,
and reagents were purchased from Sigma-Aldrich and Fisher
Chemical unless otherwise noted. All aqueous solutions were
prepared in Milli-Q water. Mass spectrum characterization was
performed by matrix-assisted laser desorption/ionization timeof-ﬂight (MALDI-TOF) using Voyager-DE PRO Biospectrometry Workstation from Applied Biosystems. The 64CuCl2
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solution of triethylamine (0.001 g, 10.0 μmol) dissolved in
anhydrous acetonitrile (0.2 mL). The resulting mixture was
stirred overnight at rt. The solvent was subsequently removed
under vacuum to aﬀord a crude product, which was puriﬁed by
HPLC (elution time: 16.1 min), and the resulting fractions
were lyophilized to give tBu2-CB-TE2A-GPI1 (0.004 g, 5.21
μmol, 65%) as a white solid. MALDI-TOF/MS m/z calculated
for C37H66N5O13P: 819.4. Found: 820.8 [M + H]+. To a
solution of tBu2-CB-TE2A-GPI1 (0.004 g, 5.21 μmol) was
added triﬂuoroacetic acid (0.4 mL). The resulting solution was
stirred overnight at rt. The solvent was then removed under
vacuum to aﬀord a crude product, which was puriﬁed by HPLC
(elution time: 9.1 min). The resulting fractions were lyophilized
to give the free acid CB-TE2A-GPI1 (H2CBT1G) (0.003 mg,
1.22 μmol, 97%) as a white solid. MALDI-TOF/MS m/z
calculated for C29H50N5O13P: 707.3. Found: 708.8 [M + H]+.
Preparation of H2CBT2G. To a solution of the acid tBuCB-TE2A-2DA (0.035 g, 58.5 μmol) in anhydrous acetonitrile
(1.0 mL) were added NHS (0.020 g, 165 μmol) and EDC
(0.032 g, 165 μmol). The resulting solution was stirred
overnight at rt. The solvent was then removed under vacuum to
aﬀord a crude product, which was puriﬁed by HPLC (elution
time: 28.4 min), and the resulting fractions were lyophilized to
give tBu-CB-TE2A-2NHS (0.012 g, 14.6 μmol, 25%) as a white
solid. MALDI-TOF/MS m/z calculated for C38H60N6O12:
792.4. Found: 793.6 [M + H]+.
To a solution of the activated acid tBu2-CB-TE2A-2NHS
(0.002 g, 2.43 μmol) in anhydrous acetonitrile (0.2 mL) was
added the solution of GPI (0.003 g, 9.64 μmol) dissolved in
anhydrous acetonitrile (0.2 mL). To the resulting mixture was
added a solution of triethylamine (0.001 g, 10.0 μmol)
dissolved in anhydrous acetonitrile (0.1 mL). The resulting
solution was stirred overnight at rt. The solvent was
subsequently removed under vacuum to aﬀord a crude product,
which was puriﬁed by HPLC (elution time: 16.8 min) and the
resulting fraction lyophilized to give tBu2-CB-TE2A-GPI2
(0.002 g, 1.09 μmol, 45%) as a white solid. MALDI-TOF/
MS m/z calculated for C50H86N6O22P2: 1184.5. Found: 1186.0
([M + H]+). To a solution of protected acid tBu2-CB-TE2AGPI2 (0.002 g, 1.09 μmol) was added triﬂuoroacetic acid (0.4
mL). The resulting solution was stirred overnight at rt. The
solvent was then removed under vacuum to aﬀord a crude
product, which was puriﬁed by HPLC (elution time: 10.4 min).
The resulting fractions were lyophilized to give the free acid
CB-TE2A-GPI2 (H2CBT2G) (0.001 mg, 0.76 μmol, 97%) as a
white solid. MALDI-TOF/MS m/z calculated for
C42H70N6O22P2: 1072.4. Found: 1074.0 [M + H]+.
Preparation of 64Cu-CBT1G and 64Cu-CBT2G. To a 1.5
mL vial containing 0.5−1 μg of H2CBT1G or H2CBT2G in 50
μL of 0.4 M NH4OAc (pH = 6.5) solution, 37−74 MBq of
64
Cu2+ in 0.1 M HCl was added. The reaction mixture was
incubated at 75 °C for 30 min. The radiolabeling yields were
determined by radio-TLC. The unreacted 64Cu2+ stayed at the
bottom of the TLC plate, while 64Cu-CBT1G or 64Cu-CBT2G
moved to the solvent front.
In Vitro and In Vivo Stability. The in vitro stability test was
performed in rat serum. Brieﬂy, 64Cu-CBT1G or 64Cu-CBT2G
(0.74 MBq, 5 μL) was added into 100 μL of rat serum (n = 3).
A 50 μL of sample was taken out and mixed with 200 μL of
ethanol, after 4 and 24 h incubation at 37 °C, respectively. The
solution was vortexed and centrifuged for 5 min at 21000g. The
supernatant was then analyzed by radio-TLC. For in vivo
stability evaluation, male SCID mice were injected with 3.7

MBq of 64Cu-CBT1G or 64Cu-CBT2G in 100 μL of saline via
the tail vein. Urine samples were collected within 1 and 24 h
p.i., and then analyzed by radio-TLC.
1-Octanol/Water Distribution Coeﬃcient. PBS (phosphate buﬀered saline, 1×, pH 7.4) and 1-octanol were premixed
a day before the experiment. Approximately 0.111 MBq (10
μL) of 64Cu-CBT1G or 64Cu-CBT2G was added to the
premixed PBS (490 μL) and 1-octanol (500 μL). The mixture
was vigorously vortexed for 1 min at rt. After centrifugation at
21000g for 5 min, 100 μL aliquots of both layers were measured
using a γ-counter. Then log Doct/water values were calculated.
The experiment was performed in quintuplicate.
Preparation of 125I-GPI. To a solution of N-sulfosuccinimidyl-3-(4-hydroxyphenyl)proprionate (Sulfo-SHPP, watersoluble Bonton−Hunter reagent: 7 mg, 19.3 μmol) in 0.2 mL
of phosphate buﬀer (0.1 M, pH 8.0) was added the solution of
GPI (3 mg, 9.64 μmol, 0.01 mL of H2O). The resulting
solution was stirred overnight at rt. The product was puriﬁed by
HPLC, and the collected fractions were lyophilized to give GPI
modiﬁed with a Bolton−Hunter moiety (BH-GPI: 1.8 mg, 3.86
μmol, 40%) as a white solid. MALDI-TOF/MS m/z calculated
for C19H26NO10P: 459.4. Found: 460.2 [M + H]+. A Pierce
precoated iodination tube was wetted with 1 mL of Tris buﬀer
(pH 7.5). To the prewetted tube was added 100 μL of Tris
buﬀer, followed by 5 μL (37 MBq) of Na125I (Perkin-Elmer).
The iodide was activated for 6 min at rt and then added to the
BH-GPI solution (0.5 μg in 0.025 mL of H2O). After 9 min at
rt, the mixture was directly applied to semipreparative HPLC.
HPLC fractions of 125I-GPI were collected between 20 and 21
min and then concentrated by a Sep-Pak Light C18 cartridge.
In Vitro Cell Binding Assay. The PSMA binding aﬃnities
of H 2 CBT1G and H 2 CBT2G were determined by a
competitive cell-binding assay using 125I-GPI as the radioligand.
Suspended LNCaP cells in Tris-buﬀered saline (TBS) were
seeded on multiwell DV plates (Millipore) with 5 × 104 cells
per well, and then incubated with 125I-GPI (33,000 cpm/well)
in the presence of increasing concentrations (0−10,000 nM) of
GPI, H2CBT1G, and H2CBT2G at rt for 2 h (n = 4). The ﬁnal
volume in each well was maintained at 200 μL. At the end of
incubation, unbound 125I-GPI was removed by ﬁltration
followed by ﬁve-time rinses with cold TBS buﬀer. The ﬁlters
were collected, and their radioactivity was measured. The bestﬁt IC50 values (inhibitory concentration where 50% of the 125IGPI bound on LNCaP cells were displaced) of GPI,
H2CBT1G, and H2CBT2G were calculated by ﬁtting the data
with nonlinear regression using GraphPad Prism 5.0. The same
experiments were performed in triplicate.
Cell Uptake and Internalization. Cell uptake and
internalization of 64Cu-CBT1G and 64Cu-CBT2G were
measured according to ref 33. Brieﬂy, LNCaP cells were
seeded into 48-well plates (BD BioCoat, poly-D-lysine) at a
density of 2.5 × 105 cells/well and incubated at 37 °C, 5% CO2
overnight. After washing the cells once with 0.5 mL of TBS
buﬀer at 37 °C, approximately 150,000 cpm of 64Cu-CBT1G or
64
Cu-CBT2G was added to cells in 0.2 mL of TBS buﬀer and
incubated at 37 °C, 5% CO2 for 1, 10, 30, 60, and 120 min (n =
6). There were three additional wells coincubating 64CuCBT1G or 64Cu-CBT2G with 2 μg of GPI for nonspeciﬁc
binding assay. The unbound radioligands were removed by
rinsing with 0.5 mL of ice-cold TBS buﬀer per well. The surface
bound radioligands were removed by incubating with 0.5 mL of
ice-cold low-pH stripping buﬀer (50 mM glycine and 0.15 M
NaCl, pH 3.0) for 10 min at 4 °C. Then the stripping buﬀer
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Figure 1. Synthetic routes to H2CBT1G and H2CBT2G conjugates.

■

media were collected and counted with a γ-counter to
determine the surface bound radioligand level. At last, 0.5 mL
of 1 M NaOH was added to each well to solubilize cells. The
activity was counted to quantify the internalized radioligand.
Anion Competition Assay in Diﬀerent Solutions.
LNCaP cells were seeded into 48-well plates (BD BioCoat,
poly-D-lysine) at a density of 2.5 × 105 cells/well and incubated
at 37 °C, 5% CO2 overnight. After washing the cells with 0.5
mL of TBS buﬀer, PBS buﬀer, or LNCaP cell culture medium,
approximately 150,000 cpm of 64Cu-CBT1G or 64Cu-CBT2G
was added to the cells in diﬀerent buﬀers or media and
incubated at 37 °C, 5% CO2 for 2 h (n = 3). The unbound
radioligand was removed from cells by washing with 0.5 mL of
ice-cold corresponding buﬀer per well. The cells were then
solubilized in 1 M NaOH for radioactivity measurement by γcounter. To measure the nonspeciﬁc binding, 2 μg of GPI was
coloaded with 64Cu-CBT1G or 64Cu-CBT2G in the TBS buﬀer
condition (n = 3).
Small Animal PET/CT Imaging. Small animal PET/CT
imaging was performed with a Siemens Inveon PET/CT
Multimodality System on tumor-bearing SCID mice that had
intravenously received ca. 3.7 MBq of 64Cu-CBT1G or 64CuCBT2G in 100 μL via the tail vein. Prior to imaging, the mouse
was sedated on the imaging bed under 2% isoﬂurane anesthesia
for the duration of imaging. Immediately after the CT data
acquisition that was performed at 80 kV and 500 μA with a
focal spot of 58 μm, static PET scans were conducted at the
given time points postinjection (p.i.) (1 h, 4 h, and 24 h) for 15
min. For the blockade study, the radiotracer was coadministrated with 2-(phosphonomethyl)pentanedioic acid (2-PMPA)
at the dose of 30 mg/kg of mouse body weight. Both CT and
PET images were reconstructed with manufacturer’s software.
Reconstructed CT and PET images were fused for quantitative
data analysis; regions of interest (ROIs) were drawn as guided
by CT and quantitatively expressed as percent injected dose per
gram of tissue (% ID/g).
Statistical Analysis. Statistical analyses were performed
using GraphPad Prism. A p value less than 0.05 (unpaired t
test) was considered statistically signiﬁcant. All results are
presented as mean ± standard deviation.

RESULTS
Preparation of H2CBT1G and H2CBT2G. CB-TE2A-1DA
and CB-TE2A-2DA were prepared according to our previously
reported procedures25 (Figure 1). The inner and outer
carboxylate groups of CB-TE2A-1DA and CB-TE2A-2DA
were orthogonally protected. In this work, their outer
carboxylate groups were deprotected for the conjugation with
GPI while the inner carboxylate groups remained protected
with tBu group. The GPI conjugation was carried out by a
typical NHS/EDC procedure. The NHS esters, tBu2-CB-TE2A1NHS and tBu2-CB-TE2A-2NHS, were synthesized and
subsequently treated with amine containing GPI under basic
conditions. The synthesis of these NHS-activated esters was
reported in our previous work, in which the ester puriﬁcation
was performed by extraction.25 However, the use of extracted
t
Bu2-CB-TE2A-1NHS and tBu2-CB-TE2A-2NHS led to poor
yields and diﬃcult puriﬁcation in this present work. The
problem was especially evident when using tBu2-CB-TE2A2NHS. To address this unexpected issue, we performed the
ester puriﬁcation via HPLC so that the impurities and side
products could be eﬃciently removed. The relevant fraction
from HPLC were collected and immediately lyophilized. Each
time only freshly prepared −NHS ester intermediates were
used for GPI conjugation. The conjugation of tBu2-CB-TE2A1NHS and tBu2-CB-TE2A-2NHS with 1 and 4 equiv of GPI in
the presence of triethylamine provided tBu-protected conjugates in 45−65% yields. Finally, the α-carboxylate group was
deprotected using 95% TFA to provide H2CBT1G and
H2CBT2G, each containing two internal α-carboxylic acids
for 64Cu chelating.
Radiochemistry. Both H2CBT1G and H2CBT2G were
eﬃciently labeled by 64Cu at 75 °C in 0.4 M NH4OAc buﬀer
within 30 min as monitored by radio-TLC. For in vitro and in
vivo evaluations, the radiochemical purities of 64Cu-CBT1G and
64
Cu-CBT2G were maintained at over 99% as determined by
radio-HPLC. Their speciﬁc activities were in the range of 50−
80 GBq/μmol. Both 64Cu-CBT1G and 64Cu-CBT2G are highly
hydrophilic, as indicated by their low log D values (64CuCBT1G, −3.25 ± 0.15; 64Cu-CBT2G, −2.70 ± 0.03). The
serum stability test and the urine sample analysis showed that
both 64Cu-CBT1G and 64Cu-CBT2G remained intact within 24
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Figure 3. In vitro cell binding assay. (A) The PSMA binding aﬃnities of GPI, H2CBT1G, and H2CBT2G were measured by a competitive cellbinding assay using LNCaP cells (PSMA positive) where 125I-GPI was employed as the PSMA-speciﬁc radioligand. The IC50 values of GPI,
H2CBT1G, and H2CBT2G were determined to be 460 ± 13, 578 ± 81, and 129 ± 17 nM, respectively (n = 3). (B) Cell internalization of 64CuCBT1G and 64Cu-CBT2G. (C) Cell uptake kinetics in LNCaP cells with 64Cu-CBT1G and 64Cu-CBT2G (n = 6) and their nonspeciﬁc
internalization levels by coincubating with 2 μg of GPI per well (n = 3). (D) LNCaP cell binding assay in TBS buﬀer, PBS buﬀer, and cell culture
medium. Nonspeciﬁc binding assay was performed by coincubating with 2 μg of GPI in TBS buﬀer. *p > 0.05; §p < 0.05.

calculated IC50 values were 460 ± 13 nM (GPI), 578 ± 81 nM
(H2CBT1G), and 129 ± 17 nM (H2CBT2G). No signiﬁcant
diﬀerence was observed between GPI and H2CBT1G,
indicating the conjugation had negligible eﬀect on the PSMA
binding aﬃnity of GPI. The signiﬁcant increase of H2CBT2G’s
PSMA binding aﬃnity reﬂects the anticipated multivalent eﬀect.
The PSMA-mediated uptake and internalization of 64CuCBT1G and 64Cu-CBT2G were evaluated using LNCaP cells
with and without presence of excess GPI in TBS buﬀer. Both
64
Cu-CBT1G and 64Cu-CBT2G displayed a similar and
appreciable level of internalization in a time-dependent manner
in the absence of GPI (Figure 3B), while the cell uptake
amount of 64Cu-CBT2G was about two times higher than that
of 64Cu-CBT1G starting from 10 min (Figure 3C). The
presence of GPI at the saturating concentration nearly
abolished cell uptake (down to <0.5%), indicating that cell
uptake was mediated by PSMA.

h without detectable demetallization, which is a great advantage
of using our CB-TE2A derived chelator scaﬀold for 64Culabeling.
In Vitro Cell Study. The high PSMA binding aﬃnity (Ki = 9
nM) of GPI reported in the literature was measured by using
99m
Tc-labeled GPI as the PSMA speciﬁc radioligand.20,22 In this
work, we designed and synthesized an 125I-labeled GPI
analogue (Figure 2) as the radioligand for the competitive
cell binding assay of GPI, H2CBT1G, and H2CBT2G. Because
GPI has no available functional group for direct radioiodination, a Bolton−Hunter moiety was introduced. To obtain
the highest achievable speciﬁc activity of 125I-GPI, an HPLC
puriﬁcation method was applied. The in vitro PSMA binding
aﬃnities of GPI, H2CBT1G, and H2CBT2G were measured by
the required concentration to displace 50% of LNCaP cell
bound 125I-GPI (n = 3), where GPI served as the positive
control. All three compounds inhibited the binding of 125I-GPI
to LNCaP cells in a dose-dependent manner (Figure 3A). The
2979
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Figure 4. Representative whole-body coronal PET/CT images of 64Cu-CBT1G and 64Cu-CBT2G in (A) LNCaP tumor bearing mice at 1, 4, and 24
h p.i.; (B) LNCaP tumor bearing mice at 24 h p.i. with blockade (coadministration with 30 mg/kg of 2-PMPA); and (C) PC3 and H2009 tumor
bearing mice at 1 h p.i. All the images are presented at the same signal intensity scale (0−2.2% ID/g).

The multimeric design of 64Cu-CBT2G was intended to
address the binding competition of GPI with the endogenous
phosphate anions in serum.22 In order to evaluate the
multivalent eﬀect on this competition,21 both 64Cu-CBT1G

and 64Cu-CBT2G were tested to bind with LNCaP cells in no
phosphate-containing TBS buﬀer and phosphate-containing
PBS buﬀer and LNCaP cell culture medium. Shown in Figure
3D, both phosphate-containing buﬀers, PBS and cell culture
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Figure 5. Comparative uptake of 64Cu-CBT1G and 64Cu-CBT2G at 1 h, 4 h, 24 h, and 24 h blockade in LNCaP tumors (A) and kidneys (B)
obtained from quantitative imaging analysis. Data are presented as % ID/g ± SD (n = 3).

medium, signiﬁcantly inhibited the PSMA binding of 64CuCBT1G and 64Cu-CBT2G as compared to TBS. However,
while the monomeric 64Cu-CBT1G’s PMSA binding was
reduced to the nonspeciﬁc binding level when exposed to
phosphate anions, the dimeric 64Cu-CBT2G showed a
signiﬁcant improvement of its PSMA binding in competing
with phosphates (p < 0.05).
Small Animal PET/CT Imaging. Small animal PET/CT
imaging studies were conducted in SCID mice bearing LNCaP
(PSMA+) or PC3 and H2009 (PSMA−) tumors. To increase
the sample size for statistics, LNCaP tumors were implanted on
both sides of shoulder. Representative coronal PET/CT images
are presented in Figure 4. LNCaP tumors were clearly
visualized by 64Cu-CBT2G at 1, 4, and 24 h p.i., and their
intensity maintained steady throughout the 24 h period (Figure
4A). LNCaP tumors were also visible by 64Cu-CBT1G but with
much lower contrast than 64Cu-CBT2G at all time points. Both
64
Cu-CBT1G and 64Cu-CBT2G exhibited a rapid clearance
proﬁle through the urinary route, which is desirable for good
tumor to background contrast. Besides PSMA+ tumors, kidneys
and bladder (urine) were other major organs showing
signiﬁcant activity accumulation at 1 and 4 h p.i. Once urine
was out of the body, the bladder was nearly invisible especially
at 24 h p.i.
The quantitative imaging analysis is shown in Figure 5. The
LNCaP tumor accumulation of 64Cu-CBT2G remained rather
stable within 24 h (1.46 ± 0.54, 1.12 ± 0.56, and 1.00 ± 0.50%
ID/g at 1, 4, and 24 h p.i., respectively). In contrast, 64CuCBT1G showed much lower LNCaP tumor uptake (0.81 ±
0.12, 0.46 ± 0.10, and 0.35 ± 0.11% ID/g at 1, 4, and 24 h p.i.,
respectively) than 64Cu-CBT2G (one tailed p < 0.05 at each
time point) and a signiﬁcant tumor uptake drop from 1 to 4 h
p.i. (43%, one tailed p < 0.05). The signiﬁcantly enhanced
tumor uptake and imaging signal retention of the dimeric 64CuCBT2G can be attributed to the multivalent eﬀect. Due to their
negatively charged and highly hydrophilic nature, both 64CuCBT1G and 64Cu-CBT2G showed low liver uptake (<1.0%
ID/g). However, relatively high kidney uptake was observed for
both GPI conjugates. This is consistent with the previous
report of PSMA expression in proximal renal tubules34,35
(Figure 5B). Of note, 64Cu-CBT1G and 64Cu-CBT2G
displayed a similar uptake diﬀerence in PMSA+ tumors and
kidneys, indicative of their imaging speciﬁcity of PSMA that was
veriﬁed by a blockade study using a known PSMA inhibitor, 2PMPA. In the blockade study, LNCaP tumor uptake of both
64
Cu-CBT1G and 64Cu-CBT2G at 24 h p.i. was reduced by
approximately ﬁve times (Figure 5A). A similar magnitude of

uptake decrease was also observed in kidneys at 24 h p.i. The
PSMA imaging speciﬁcity was further conﬁrmed by using two
PMSA− tumor models, PC3 and H2009. At the time point as
early as 1 h p.i., PC3 and H2009 tumors were barely visible by
either 64Cu-CBT1G or 64Cu-CBT2G.

■

DISCUSSION

The cell membrane bound PSMA is a valuable biomarker that
has drawn considerable interest in the development of
diagnostics and therapeutics of prostate and other cancer
types, given the well recognized fact that its upregulation in
primary prostate cancer and metastases and its expression level
has positive correlations with prostatic cancer stages, especially
in castration resistance prostate cells.10,11,34,36 In addition to
antibody-based imaging agents (i.e., US FDA approved
capromab pendetide), a diﬀerent class of urea based small
organic compounds, initially developed for the inhibition of
PSMA activities, has been extensively utilized for PET and
SPECT imaging probe development for noninvasive assessment of PSMA expression in prostate cancer. For instance, 123IMIP-1072 ((S)-2-(3-((S)-1-carboxy-5-((4-123I-iodobenzyl)amino)pentyl)ureido)pentanedioic acid) has been in clinical
trials.37 Reported with a high binding aﬃnity (9 nM) to PSMA,
GPI chemically resembles the glutamate-urea compounds and
the phosphoramidate ligands as well, due to the similar binding
pentanedioic acid moiety. A major obstacle that impedes the
use of GPI for in vivo PSMA imaging is the endogenous binding
competition caused by phosphate anions in serum. Based on
the assumption that multivalency can enhance the desired
speciﬁc binding aﬃnity and decrease the oﬀ-rate of the speciﬁc
ligand, indeed a multivalency strategy was reported to
overcome the hurdle by presenting three copies of GPI on an
adamantine. Although the in vitro data demonstrated a great
success as indicated by the signiﬁcantly enhanced PSMA
binding aﬃnity and tolerance to the endogenous binding
competition,22 the in vivo performance of such multivalent GPI
radiolabeled agents has not been reported.
Among nonstandard PET nuclides, 64Cu is of great clinical
potential owing to its low positron range, commercial
availability, and reasonably long decay half-life.28 Recently we
have reported a bifunctional chelator scaﬀold, CB-TE2A-2DA,
for multivalent PET probe design aimed for the use of 64Cu.25
As compared to the commonly used chelator as DOTA, this
chelator scaﬀold features an intact CB-TE2A core to form a
stable and neutral complex with 64Cu and two peripheral
functional groups for anchoring of targeting molecules.25 In this
work, we presented two copies of GPI on CB-TE2A-2DA for
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Figure 6. Correlations between LNCaP tumor uptake and tumor size (mm3) at 1 h, 4 h, and 24 h p.i. A−C: 64Cu-CBT1G. D−F: 64Cu-CBT2G.
64

In the absence of antibody binding, PSMA is constitutively
internalized at a fairly consistent rate of ∼60%.39 Therefore, it is
critically important for GPI-based imaging probes to reach the
target for imaging signal buildup. In other words, they must be
able to out-compete endogenous phosphate anions for PSMA
binding. Not surprisingly, phosphate anions showed a strong
eﬀect on PSMA binding of both monomeric 64Cu-CBT1G and
dimeric 64Cu-CBT2G (Figure 3C), whereas the dimeric one
displayed a signiﬁcant improvement of PSMA binding when in
competition with phosphate anions. This improvement might
be attributed to the decreased oﬀ-rate of 64Cu-CBT2G from
PSMA targets.
Given the structural similarities between GPI and other
PSMA inhibitors of phosphoramidate peptidomimetics, 64CuCBT2G observed similar internalization proﬁles as reported,40
which can be characterized by two features: time dependence
before reaching the steady retention state (Figure 3B) and no
obvious eﬀect on PSMA internalization.41 In contrast, anti-

Cu PET probe design with the goal of developing a practical
approach for noninvasive imaging of PSMA.
Measured by an in vitro competitive cell binding assay, the
dimeric GPI conjugate, H2CBT2G, indeed showed the
anticipated enhancement of PSMA binding aﬃnity. The
multivalent enhancement ratios calculated by dividing IC50
values were 3.6 (GPI/H2CBT2G) and 4.5 (H2CBT1G/
H2CBT2G), consistent with the multivalent eﬀect. As
mentioned above, increased PSMA binding aﬃnities can be
attributed to the multivalent eﬀect, which might be explained
by the structure of PSMA. It was reported that PSMA exists in
both noncovalently dimeric and monomeric forms; and the
homodimerization occurs in the extracellular domain of
PSMA.38 Interestingly, it is the PSMA dimer that maintains
the native conformation and possesses a higher level enzymatic
activity than monomeric PSMA.38 These ﬁndings provide
further rationales in support of multivalent imaging probe
design for PSMA detection.
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equals 1 g. Given that the target of GPI is PMSA, we believe
that the radiotracer concentration (% ID/g) found in LNCaP
tumors reﬂects the PMSA density expressed by the tumors
during the course of tumor growth. Of course, this must be
further veriﬁed by immunohistochemistry. Interestingly, the
slope of the linear correlation, which represents the detection
sensitivity and accuracy of PSMA level change, was much
greater for 64 Cu-CBT2G than for 64 Cu-CBT1G. This
observation clearly indicates the imaging quantiﬁcation
potential of PSMA in prostate cancer when 64Cu-CBT2G is
used.

PSMA antibodies, such as J591, are capable of accelerating
PSMA internalization up to 3-fold in a dose dependent
manner.39 Upon the mode of PSMA inhibition 64Cu-CBT2G
likely exhibited rapidly reversible proﬁles as 2-PMPA due to the
lack of a phosphoramidate P−N linkage in GPI.42 This
reversible proﬁle has been suggested to be less favorable for in
vivo PSMA targeting,43 which might be another reason for
relatively low PSMA+ tumor uptake for 64Cu-CBT2G.
The imaging signal ampliﬁcation resulting from the dimeric
presentation in 64Cu-CBT2G was evaluated in a PSMA+ mouse
xenograft model established by LNCaP cell line. As shown in
Figure 4A, the visual contrast of LNCaP tumors was strikingly
enhanced by 64Cu-CBT2G as compared to 64Cu-CBT1G
during the period of study. The corresponding imaging
quantiﬁcation revealed the signal ampliﬁcation was approximately 2-fold at all three imaging time points (Figure 5A). The
PSMA imaging speciﬁcity was veriﬁed by two diﬀerent
methods. One used the conventional blocking approach by
coadministering the radiotracer with a blocking dose of a
known PSMA inhibitor (Figure 4B); and the other employed
two PSMA− tumor xenografts, PC3 and H2009 (Figure 4C).
The signiﬁcant imaging signal reduction as shown in both
methods clearly demonstrated the PSMA imaging speciﬁcity for
both 64Cu-CBT1G and 64Cu-CBT2G. It is noteworthy that no
bone uptake was observed for 64Cu-CBT1G or 64Cu-CBT2G,
indicating that the GPI-based PSMA imaging probes may ﬁnd
potential application for detection of prostate cancer
metastases, which are preferentially found in bone. In addition,
it was found that the bladder radioactivity was voided at 24 h
p.i., while the tumor imaging intensity was maintained with
64
Cu-CBT2G. This late time point imaging, which was made
possible by the reasonably long decay half-life of 64Cu, provides
an opportunity of imaging localized prostate cancer with 64CuCBT2G. Both 64Cu-CBT1G and 64Cu-CBT2G showed an
appreciable level of renal uptake. This is not a surprise because
the proximal renal tubules express PSMA.17 Of note, the renal
uptake level of 64Cu-CBT2G was much lower at all three time
points compared to the reported Glu-urea based imaging
agents15−18,27 (Figure 5B). This is obviously a desirable feature
for PSMA targeted agents.
High sensitivity aside, PET is capable of imaging
quantiﬁcation. Therefore, an ideal PET imaging probe is
expected to enable both detection and quantiﬁcation of a target
biomarker. This is of great clinical signiﬁcance because it oﬀers
a noninvasive approach for molecular proﬁling of disease status,
which can potentiate personalized treatment of disease by
stratifying patients for tailored therapy. Indeed, endeavors to
quantify the PSMA expression with noninvasive imaging
approaches have been seen in the literature18,44 as represented
by 64Cu-J591 enabled PET44 and 123I-MIP-1072 enabled
SPECT.18 Given the PSMA detection capability proved for
64
Cu-CBT2G, we further evaluated its potential to quantitatively delineate the expression level of PSMA in tumors at
various stages. In our evaluation, PSMA+ LNCaP tumors were
allowed to grow to diﬀerent sizes (weights). Both 64Cu-CBT1G
and 64Cu-CBT2G were used to image tumors. As shown in
Figure 6, 64Cu-CBT2G displayed a much better linear
correlation (R2 ≥ 0.92 at all three time points) between the
tumor uptake (% ID/g) and the tumor size than 64Cu-CBT1G
(R2 = 0.01, 0.56, and 0.54 at 1 h, 4 h, and 24 h, respectively). Of
note, the unit of % ID/g in Figure 6 is a standardized
radiotracer uptake value obtained from the quantitative PET
imaging analysis on the assumption that 1 cm3 of tumor tissue

■

CONCLUSION
A promising PSMA targeted imaging probe, 64Cu-CBT2G, was
successfully designed and synthesized by presenting two copies
of GPI on a bifunctional chelator scaﬀold. Our results indicate
that the multivalent approach of imaging probe design was able
to minimize the endogenous serum phosphate competition that
hampers the PSMA binding of GPI and thus aﬀorded the
desired imaging sensitivity for in vivo detection of PSMA. Given
the positive linear relationship observed between the tumor
uptake of 64Cu-CBT2G and the tumor size, 64Cu-CBT2G is
expected to potentiate the quantitative assessment of PSMA
expression in prostate cancer noninvasively.
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1.

ABSTRACT
With advances in molecular biologic and genomic technology, detailed molecular mechanisms for development of
castration-resistant prostate cancer (CRPC) have surfaced. Metastatic prostate cancer (PCa) no longer represents an
end stage, with many emerging therapeutic agents approved as effective in prolonging survival of patients from either
pre- or post-docetaxel stage. Given tumor heterogeneity in patients, a one-size-fits-all theory for curative therapy
remains questionable. With the support of evidence from continuing clinical trials, each treatment modality has
gradually been found suitable for selective best-fit patients: e.g., new androgen synthesis inhibitor arbiraterone,
androgen receptor signaling inhibitor enzalutamide, sipuleucel-T immunotherapy, new taxane carbazitaxel,
calcium-mimetic radium-223 radiopharmaceutical agent. Moreover, several emerging immunomodulating agents and
circulating tumor cell enumeration and analysis showed promise in animal or early phase clinical trials. While the era
of personalized therapy for CRPC patients is still in infancy, optimal therapeutic agents and their sequencing loom not
far in the future.

Current therapeutic regimen in prostate cancer

Figure 1 plots common clinical course of PCa from localized stage to
CRPC. Interpretation of castration resistance pathway could lead to

Prostate cancer (PCa) is the lead malignancy among males in Western

identification of new pathway-targeted therapeutics. Incidence and

countries, accounting for 28% (238,590) of newly diagnosed cancers in

mortality rates vary widely across geographic regions and ethnic groups

United States in 2013 [1]. It has been the second common cause of

[5]. Of note, Asians have substantially lower prevalence than African

cancer deaths in men (behind lung cancer) for two decades [1, 2].

Americans and Caucasians, indicating linkage between genetic

Treatment for clinically localized PCa aims at cure, typically by surgery

background and susceptibility [6]. Exact molecular mechanisms of

or radiation. Emerging technologies have also been used for selected

prostate carcinogenesis are not fully elucidated, but it is evident that

patients in low-risk PCa: e.g., high-intensity focused ultrasound (HIFU),

genetic factors at both germline and somatic levels play key roles in

cryotherapy, radiofrequency ablation and photodynamic therapy. For

carcinogenesis. It has been increasingly recognized that cancer cells are

advanced PCa cases, androgen deprivation therapy (ADT) is standard

heterogeneous within the same lesion at both genetic and epigenetic

treatment. The majority of advanced PCa patients respond to initial ADT

levels, which could translate into functional heterogeneity: e.g.,

temporarily but inevitably progress from androgen-dependent stage to

self-renewal properties, tumor-initiating ability [7]. Significant tumor

CRPC. Effective treatment at this stage is largely limited to

heterogeneity appears within primary and metastatic tumor lesions as

chemotherapy. Indeed, prior to 2010, only docetaxel chemotherapy

well as individual cases, challenging standard approach to cancer

shows survival benefit in CRPC. With the most effective standard

management and highlighting the need for personalized cancer therapy.

chemotherapeutic regimens, mean increase in survival time is two
months, highlighting the need for more effective treatments [3, 4]
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Figure 1. Common clinical course of PCa progression from localized stage to CRPC. PSA level is used as a surrogate for
cancer burden; the figure shows PSA rising at the time of initial diagnosis, returning to normal via first-line treatment
(radiation or surgery), then rising again as cancer recurs. Again it is reduced by hormonal therapy. When CRPC occurs, PSA
again rises and minimally impacted by chemotherapy. After chemotherapy fails, PSA rises until the patient dies. Permission
from Dr. Ganesh Raj (Department of Urology, University of Texas Southwestern Medical Center).
PA2024 consists of a prostate-specific acid phosphatase (PAP) fused
2

with granulocyte-macrophage colony-stimulating factor (GM-CSF), an

New strategies in CRPC therapy

immune-cell activator. This regimen can reduce death risk by 22%,

In the case of advanced PCa, ADT is standard treatment, which initially

representing a 4.1-month improvement in median survival [10]. In

reduced tumor burden and prostate-specific antigen (PSA) level to low

conclusion,

or undetectable level. Most PCa ultimately recurs despite of ADT,

asymptomatic metastatic CRPC (mCRPC) patients. Adverse events are

presenting with progressively rising of PSA level, termed CRPC.

more frequently reported in the sipuleucel-T group, including chills,

Docetaxel was regarded as the only reasonable option before 2010.

fever, and headache with mainly Grade 1 or 2 in severity.

Additionally, there is no therapeutic agent for patients who experience

sipuleucel-T

prolonged

overall

survival

among

Abiraterone acetate blocks androgen biosynthesis by inhibiting

progression after first-line docetaxel. Recent years have seen a number

17α-hydroxylase/C17,20-lyase

of novel anticancer drugs for CRPC clinics. The past three years can be

(CYP17).

The

COU-AA-301

and

COU-AA-302 trials established the role of abiraterone in mCRPC

considered exceptional due to positive outcomes in Phase III trials. Key

patients with or without previous docetaxel chemotherapy. In

antitumor agents showing positive results include taxane cabazitaxel [8,

COU-AA-301 trial, overall survival as primary endpoint was longer with

9], vaccine sipuleucel-T [10], cytochrome p450 17 (CYP17) inhibitor

abiraterone acetate-prednisone than with placebo-prednisone (14.8 vs.

abiraterone [11, 12], androgen-receptor antagonist enzalutamide

10.9 months; P<0.001) [11]. In COU-AA-302 trial, radiographic

(formerly known as MDV-3100) [13-15], and radioisotope alpharadin

progression-free survival was also longer with abiraterone-prednisone

(radium 223) [16]. Other promising agents including denosumab [17],

group than with prednisone alone (16.5 vs. 8.3 months; P<0.001) [12].

orteronel [18], ipilimumab [19] and cabozantinib [20, 21] are currently

Hence abiraterone acetate significantly prolongs overall survival of

under study. These novel agents are appropriately applied to the CRPC

mCRPC patients, with or without previous docetaxel chemotherapy.

treatment pathway to maximize therapeutic efficacy.

Enzalutamide, a novel androgen receptor signaling inhibitor,

Cabazitaxel, a second-generation taxane, demonstrably improves

competitively inhibits binding of androgens to the androgen receptor

overall survival when added to prednisone versus mitoxantrone plus

(AR), inhibits AR nuclear translocation, and inhibits association of the

prednisone in TROPIC (treatment of hormone-refractory metastatic PCa

AR with DNA [22]. The AFFIRM trail (A multinational phase 3,

previously treated with docetaxel-containing regimen) trial: median

randomized double-blind, placebo-controlled efficacy and safety study

overall survival is 15.1 months versus 12.7 months in CRPC patients

of oral MDV3100 in progressive CRPC previously treated with

with progression after docetaxel treatment [8]. Progression-free survival

docetaxel-based chemotherapy) confirms that enzalutamide could

also improves in the cabazitaxel-prednisone treatment arm.

benefit men with post-docetaxel CRPC [15]. Enzalutamide is

Sipuleucel-T, an active cellular immunotherapy, is a type of

well-tolerated and prolongs overall survival with median survival of

therapeutic cancer vaccine consisting of autologous peripheral-blood

18.4 months, slows disease progression, and improves quality of life in

mononuclear cells (PBMCs), including antigen-presenting cells (APCs)

men with post-docetaxel CRPC. It reduces risk of death by 37% relative

activated ex vivo with a recombinant fusion protein (PA2024) [10].

to placebo [14, 15].
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Table 1. Novel strategies for CRPC therapy
Category

Mechanism/ Drug

Taxane

Inhibits microtubule depolymerization

Docetaxel
Cabazitaxel
Immunotherapy
Autologous immunotherapy
Sipuleucel-T
Immune checkpoint inhibitor
Ipilimumab
Tremelimumab
AR signaling inhibitor Androgen receptor antagonist
Enzalutamide
CYP17 inhibitor
Abiraterone acetate
Orteronel
Galeterone
VT-464
HSP90 chaperone inhibitors
Geldanamycin
Histone deactylase inhibitors
Vorinostat (SAHA)
Tyrosine kinase inhibitor Against MET and VEGFR2
Cabozantinib
PI3K pathway inhibitor PI3K Inhibitors
XL147
BEZ235
GDC-0941
AKT inhibitors
GSK690693
MK2206
mTOR inhibitors
Alpha-pharmaceuticals Irradiation causes double-strand DNA break
Alpharadin

Radium-223 (alpharadin), calcium-mimetic radiopharmaceutical,
has high bone affinity. Alsympca (ALpharadin in SYMptomatic Prostate

Reference

Cancer) Phase III trial shows improved overall survival: median
duration 14 months [16]. Time to first skeletal-related event (SRE) also

[3,4]
[8,9]

improves, with median duration of 13.6 months.
Cabozantinib (XL184), an orally bioavailable tyrosine kinase

[10,65,66,67]

inhibitor, shows potent activity against MET and VEGF Receptor 2
(VEGFR2). It suppresses MET and VEGFR2 signaling, rapidly inducing

[69]
[70]

apoptosis of endothelial and tumor cells, resulting in tumor regression. It
can also block progression of osteolytic and osteoblastic lesions [20, 21]

[14,15]
[11,12,41]
[46,47]
[46,47]
[47]

3.

Personalized therapy

It is well documented that response to standard therapy differs among
patients diagnosed with the same cancer. Obviously, a one-size-fits-all
concept is not expected to achieve identical outcome; individualized

[44]

approach is needed. Progress in understanding intricate molecular
mechanisms for transformation of normal cells into cancer, plus aberrant

[44]

control of complementary pathways, leads us into a more complex world
[20,21]
[36]

for diagnosis and treatment. Oncology has entered an era with treatment
individualized or customized, therapy based on molecular and genetic
traits of a tumor and its microenvironment, tailored to improve outcomes
and decrease both toxicity and health-care costs. Personalized cancer
therapy targets aberrations that drive tumor progression, administering

[36]

the right therapy for the right person at the right time. Success requires
identification of novel validated markers for prognosis, treatment

[36]

response, resistance and toxicity. Chief task in practice is modifying
therapy for diverse tumor nature with inadequate, limited prognostic

[16]

tools [23, 24].

Figure 2. Modified version of the algorithm of American Urological Association guideline that represents personalized therapy
prototype for CRPC (adapted from [25]). S: suggesting treatment for therapeutic agents; M: considering treatment for
therapeutic agents; Black rectangle: suggesting treatment for categorized therapeutic agents; Red rectangle: not
recommending treatment.

9

guidelines for CRPC in May, 2013 [25]. With several Food and Drug

The American Urological Association (AUA) announced clinical

[30]. Loss of PTEN function is well documented in PCa: estimated
frequency around 40% [34]. PTEN negatively regulates PI3K/Akt

Administration (FDA)-approved therapeutic agents for mCRPC

pathway; loss of PTEN activity may lead to permanent PI3K/Akt

debuting over the past three years, urologists and other clinicians face

activation. Frequency of PI3K pathway alteration rises substantially

challenges with multiple treatment options. Potential sequencing of

when PTEN alteration is considered with INPP4B and PHLPP

these agents further makes clinical decision-making more complex than

phosphatase alterations recently implicated in PI3K regulation, the

ever. To assist in clinical decision-making, AUA developed six index

PIK3CA gene itself, and regulatory subunits PIK3R1 and PIK3R3 [26].

patients to represent the most commonly encountered in clinical practice,

Exploring novel PI3K pathway inhibitors may reap therapeutic benefit

which based on the presence or absence of metastatic disease, the degree

[35, 36].

of symptoms, the patients’ performance status, and the prior

4.2.

docetaxel-based chemotherapy. Such guidelines constitute a prototype of
personalized therapy for CRPC (Figure 2).

Genetic alterations highly associated with TMPRSS2-ERG

A recent rearrangement involving the androgen-regulated TMPRSS2 and
members of the ETS transcription factor family (ERG, ETV1, ETV4) has
been identified in a majority of prostate cancers [27, 37]. Further

4.

Genomic strategy for targeting therapy in CRPC

functional studies of TMPRSS2-ERG have shown modest evidence of
oncogenic activity with cooperating transforming events [27, 28]:

Large-scale cancer genomic characterization projects offer critical new

TMPRSS2-ERG fusion as the single most established PCa molecular

insights into molecular classification of cancers and have potential to

lesion [27], meaning expression of N-terminally truncated ERG protein

identify new therapeutic targets [26]. PCa exhibits heterogeneous

under control of TMPRSS2 androgen-responsive promoter [38].

epidemiological and clinical aspects, likely a reflection of underlying

Significant regions of copy-number loss link with TMPRSS2-ERG

genomic diversity. From a molecular viewpoint, cancer can result from a

fusion: spanning tumor suppressors PTEN and TP53, plus another

combination of single nucleotide variants (SNVs), small insertions and
deletions

(indels),

chromosomal

rearrangements,

aberrant

spanning 3p14 multigenic region. The 3p14 deletion, whose association

DNA

with TMPRSS2-ERG loomed predominant, appeared only in PCa [30,

methylation and copy number alterations (CNAs), which engenders

39]. Homogeneous distribution of TMPRSS2-ERG fusion in 19% of

different expressions of oncogenes or tumor suppressors. In the long run,

high-grade prostatic intraepithelial neoplasia (PIN) lesions and in 50%

gathering the entire genomic and transcriptomic landscape of PCa, as

of localized PCa suggests this fusion as either occurring after onset or

well as defining frequency of alteration in several common signal

associated with early events predisposing to clinical progression [38].

transduction pathways, can further correlate genomic alterations to

Recent genomic studies show how ERG binds to AR-regulated genes

clinical outcome.
4.1

and alters AR signaling in PCa cells via epigenetic silencing, invariable

Copy number and transcriptome profiles define core pathway

with a role in inhibiting prostate epithelial differentiation and turning on

alterations

EZH2 expression, which initiates stem cell-like de-differentiation and
carcinogenesis [40]. Population-based studies hint ETS fusion-positive

Copy number alterations (CNAs) can result in amplification of

cancer as aggressive in nature and support early detection-based efforts.

oncogenes or deletion of tumor suppressor genes; these changes

Commercially available urine test for TMPRSS2-ERG is technically

contribute significantly to cancer etiology. Consistent and common

feasible nowadays; in PSA-screened cohorts it shows sensitivity of

findings from global analyses of CNAs within PCa include

30-50% and specificity >90%. Examination for TMPRSS2-ERG may

TMPRSS2-ERG fusion (around 50%) [27, 28], 8p loss (30-50%) and 8q

detect 15-20% of men harboring PCa but with normal DRE (digital

gain (20-40%) [29, 30]. Focal amplifications of AR (Xq12) and MYC

rectal examination) and PSA levels, including a substantial proportion of

(8q24), and homozygous focal deletions of PTEN (10q23) and NKX3.1

those who harbor high-grade Gleason disease [41]. Most 5’ end ETS

(8p21) are frequently identified in PCa [31, 32]. Recent CNA study of

fusion partners are androgen responsive; targeting androgen signals may

218 primary and metastatic tumors added a key role for somatic copy

act at least in part by inhibition of ETS fusion. Recent studies indicated a

number increases of NCOA2 gene, which encodes an AR coactivator

highly specific CYP17 inhibitor, abiraterone acetate, ablating androgen

[30]. In detail, besides above descriptions, peaks of deletion targeting

and estrogen syntheses that drive TMPRSS2-ERG fusions, inducing

RB1 on 13q14.2, TP53 on 17p31.1, interstitial 21q22.2-3 deletion

regression in >50% of CRPC cases [42]. Hormone-dependent

spanning ERG and TMPRSS2 [30], deletions on 12p13.31-p12.3, which

overexpression of ERG persisted in CRPC, and TMPRSS2-ERG tumors

spans ETV6 and DUSP16 as well as CDKN1B [29] were reported. Most

manifested a subgroup of PCa remaining exquisitely sensitive to CYP17
blockade [43]. Also, ETS gene-fusion status may serve as a prospective

common amplified loci include MYC on 8q24.21 and NCOA2 on 8q13.3.
Focal amplification of AR (Xq12) is likewise common but restricted to

character of androgen dependence in CRPC state [44]. As deregulated

metastatic tumors. Among mutated genes, the most common is androgen

transcription factors, ETS fusions may drive PCa via induction of

receptor (AR); other oncogenes like IDH1, IDH2, PIK3CA, KRAS, and

downstream target genes, maybe offering a target as therapeutic strategy.

BRAF do not commonly mutate in PCa [30]. There is no great

4.3

correlation between histology (Gleason score) and CNAs; the latter
could serve as an independent clinical marker from Gleason score [33].

Androgen receptor (AR) signaling pathway

AR signaling is essential for growth and differentiation of a normal

Integrating CNAs, transcriptome, and mutation data can further conduct

prostate and is responsible for treatment failure in CRPC or metastatic

core pathway analysis for PCa. Three recognized cancer pathways, PI3K,

PCa. The contribution of AR to prostate tumorigenesis and disease

RAS/RAF, and RB, are ordinarily altered in primary PCa (range:

progression is incontrovertible. The exclusive requirement of PCa cells

34-43%) and metastases (74-100%). Of particular interest is PI3K

for AR activity is illuminated at clinic, wherein therapeutic suppression

pathway, altered in nearly half the primaries and all metastases examined

of AR signaling, typically achieved through ligand depletion and direct

10

AR antagonists, results in PSA decline and objective tumor regressions.

AR, wherein even total androgen ablation has no effect on receptor

Conventional

androgen-dependent

activity. Options for suppressing function of C-terminal-deficient ARs

activation of AR via its C-terminal ligand-binding domain (LBD).

already exist. HSP90 inhibitors (geldanamycin) and agents modulating

Mechanisms of therapeutic failure include AR amplification and/or

HSP90-histone deacetylase interactions (genistein) both show capacity

overexpression, gain-of-function AR mutations, intracrine androgen

for reducing overall AR levels as well as suppressing action of both

production;

of

full-length and truncated AR [45]. Several studies implicate AR

constitutively active splice variants of AR, and ligand-independent AR

N-terminal domain (NTD) as key mediator of ligand-independent AR

activation through growth factors, cytokines, or aberrant AR

activity in PCa cell. Alternative means to inhibit AR function by using a

phosphorylation [45]. Among AR pathway genes, the most prominent
finding is a peak of copy-number gain on 8q13.3 that spans the nuclear

decoy molecule representing AR NTD demonstrably suppress tumor
growth and hormonal progression [50]. Intratumor injection of lentivirus

receptor coactivator gene NCOA2 [30]. High frequency of NCOA2 gain

expressing AR NTD decoy fragment inhibited growth of established

in primary tumors plus a known role as AR coactivator [46] lends insight

LNCaP xenografts [51]. Development of shorter decoy peptides to AR

into how these two genes collaborate in early PCa progression by

NTD means great challenges: e.g., how to retain both specificity for AR

enhancing AR transcriptional output. NCOA2 functions as a driver

and antitumor activity, maintain peptide lability and requirement of

oncogene in primary tumors by increasing AR signaling; in contrast, AR

nonlinear regions of AR NTD needed for protein-protein interactions.

amplification is largely restricted to mCRPC and likely a mechanism of

Lastly, it has been recently shown that AR may require histone

drug resistance rather than a natural step in tumor progression.

deacetylases (HDACs) for transcriptional activation; HDAC inhibitors

therapy

currently

overexpression

of

focuses

AR

on

coactivators,

expression

cooperate with AR-directed therapeutics to enhance cellular response.

Recently developed androgen-ablative and AR antagonist strategies

Novel understanding of AR function during disease progression has

that achieve complete androgen ablation and sufficient suppression of

scored breakthroughs in novel AR antagonists and ligand-depletion

AR signaling in the prostate improve efficacy of AR targeting and

strategies. Stratification of CRPC patients according to disparate AR

subsequent therapeutic outcome. A new means to deplete androgens is a

reactivation may reap the greatest benefit: e.g., for recurrence associated

selective CYP17 inhibitor, which inhibits both testicular-derived

with AR mutations or splice variants inducing resistance to AR

androgen production and tumor-derived androgen synthesis, meaning a

antagonists, it is unlikely that the latter would help. This advance is

great advance toward durable androgen depletion and suppression of AR

expected to provide new insight into CRPC mechanisms, serving as a

activity. Despite strong rationale for aiming at CYP17, this target

base for personalized medicine.

remains largely unexploited, with relatively few candidate agents

4.4.

progressing to clinical trials and only ketoconazole, an unspecific
CYP17 inhibitor, in widespread clinical use [47]. Promising clinical

Epigenetics is defined as heritable changes in gene expression caused by

results from abiraterone acetate in CRPC cases have recently been

mechanisms other than altered DNA sequence. Unlike many other

reported [11]; its efficacy has spawned clinical development of other
androgen

biosynthesis

inhibitors.

Orteronel

(TAK-700),

Epigenetic alterations

genetic changes, epigenetic processes are reversible and do not change

oral

DNA sequence or quantity, though they enhance genomic instability that

non-steroidal imidazole CYP17 inhibitor, is reportedly more selective

might lead to oncogenic activation and inactivation of tumor suppressors

for 17,20 lyase activity than abiraterone acetate, but according to recent

[52]. Among types of epigenetic change, the most crucial are DNA

data from Phase III clinical trial of ortoronel plus prednisone in

methylation and histone modification, both prominent in cancer

treatment of progressive mCRPC, ortoronel plus prednisone would not

progression. DNA methylation causes gene-silencing either by inhibiting

demonstrate a pre-specified level of clinical efficacy. While ortoronel

access of target binding sites to transcriptional activators and/or by

never met the primary endpoint of improved OS (HR=0.894, p=0.226),

promoting binding of methyl-binding domain proteins, which interact

it did show advantage as secondary endpoint of radiographic

with HDACs that promote chromatin condensation into transcriptionally

progression-free survival (HR=0.755, p<0.001) and posed no major

repressive conformations. DNA methylation is thought to alter

safety concern. Galeterone (VN/124-1, TOK-001), an oral agent,

chromosome structure and define regions for transcriptional regulation.

functions both as CYP17A1 inhibitor and anti-androgen, causing AR

Covalent modification of multiple DNA sites by methylation is heritable

protein degradation. Preclinical data averred that galeterone may

and reversible, involved in regulating a gamut of biological processes

represent the next generation of therapy for cases of CRPC and disease

[53]. Several classes of drugs, including inhibitors of DNA

that has progressed despite treatment with enzalutamide. Phase III trails

methyltransferases and HDACs, are known to modify epigenetic

for galeterone are expected in the near future. VT-464, non-steroidal

information in a fashion not specific to genes. AR may require HDACs

small molecular 17,20 lyase inhibitor, is also in early-phase testing for

for transcriptional activation; HDAC inhibitors may cooperate with

men with CRPC [48].

AR-directed therapeutics to elicit enhanced cellular response. HDAC
inhibitors show promise as therapeutic targets with potential to reverse

Direct AR antagonists are often combined with orchiectomy or

aberrant epigenetic states associated with PCa.

GnRH agonists/antagonists, to inhibit AR signaling further. Docking of
AR antagonists into the AR C-terminal LBD results in both passive AR
inhibition, via competition for agonists, and active mechanism of AR
inhibition: e.g., prevention of coactivator binding and inducement of

5.

corepressor recruitment. AR can be alternatively spliced so that the

(CTCs)

C-terminal domain is deleted, rendering AR constitutively active [49].

Personalizing treatments with circulating tumor cells

CTCs appear in the bloodstream, having detached from their tumor of

Splice variants are refractory to traditional androgen deprivation and AR

origin. A major cause of cancer-associated mortality is tumor metastasis,

antagonists, highlight that the new class of AR-inhibitory agents must be

which depends on successful dissemination to the whole body, mainly

developed for successful management of tumors expressing truncated

11

through blood. Therefore, CTCs shed into vasculature and possibly on

sufficient time for generating effective antitumor immune response.

the way to potential metastatic sites arouse obvious interest. Studies in

Moreover, recent studies indicated that PCa is more immunogenic than

past years have shown CTCs as markers predicting cancer progression

considered earlier, with evidence of PCa-specific autoantibodies in

and survival in metastatic [54-57] or even early-stage cancer patients

blood samples of patients. Sipuleucel-T is the first immunotherapy

[58]. Assessment CTC using CellSearch has been cleared by the FDA as

approved by the US FDA in April 2010 [10]. It is indicated for treatment

a prognostic indicator for patients with metastatic breast, prostate, and

of asymptomatic or minimally symptomatic mCRPC based on IMPACT

colorectal cancers [54, 59]. Increasing CTC numbers correlate with

(Immunotherapy for Prostate AdenoCarcinoma Treatment) trial, making

aggressive disease, increased metastasis, and decreased time to relapse

it the first of its kind vaccine therapy approved for advanced solid

in CRPC [55, 60, 61]. CTCs could serve as a real-time monitor for

tumors. Sipuleucel-T is active cellular cancer vaccine, stimulating

progression and marker for survival and thus have potential to guide

immune response to PCa. First, leukopheresis is followed by enrichment

therapeutic management, indicate therapy effectiveness or necessity,

of PBMCs, which are incubated with targeted immunogen PA2024, a

even while metastases are still undetectable, and offer insights into

PAP recombinant fusion protein, and GM-CSF before intravenous

mechanisms of drug resistance. Thus, CTCs not only could be used as a

administration. Once infused, autologous PBMCs are thought to mature

surrogate endpoint marker in clinical trials [62], but also could become a

into functional APCs, and activate PAP-specific CD4+ and CD8+ T cells.

treatment target [63]. Discrepancy in gene expression between primary

These activated T cells then home in on tumor lesions, mediating an

tumors and CTCs, as well as heterogeneity within the CTC population,

antitumor response [67-69]. The IMPACT trial, a Phase III, randomized,

can be observed frequently. To such a degree, it is possible to identify

double-blind, placebo-controlled study, enrolled 512 patients with

their tissue of origin via expression profiling to detect organ-specific

asymptomatic or minimally symptomatic mCRPC without visceral

metastatic signatures. This could help to localize small metastatic lesions

metastases. Patients were assigned in a 2:1 ratio to receive sipuleucel-T

and afford valuable insight into further diagnostic and therapeutic

or placebo administered intravenously every two weeks for total three

strategies [64].

infusions. The primary and secondary endpoints in this study were

Although CTC counts are of prognostic relevance, CTC

median overall survival and time to objective disease progression. The

enumeration is not yet validated as a surrogate of clinical benefit.

sipuleucel-T group had a relative reduction of 22% in risk of death as

Technical challenge in this field consists of finding tenuous tumor cells

compared

(a few CTCs mixed with approximately 10 million leukocytes and 5

improvement in median survival (25.8 vs. 21.7 months); 36-month

billion erythrocytes in 1 ml of blood) and distinguishing them from

survival probability was 31.7% in the sipuleucel-T versus 23.0% in the

epithelial non-tumor cells and leukocytes. It should be feasible with

placebo group. But secondary endpoint, time to objective disease

advanced technology that allows automated and high-throughput

progression, was not met, similar in both groups. Immune responses to

separation, visualization and quantification of cancer cells from blood

the immunizing antigen were observed in patients receiving sipuleucel-T.

[59]. Ability to evaluate longitudinally gene amplifications, mutations,

Adverse events such as chills, fever and headache were more frequently

deletions or translocations playing crucial roles in CRPC pathogenesis

reported in the sipuleucel-T than in the placebo group [10]. Recent

with CTCs lends unique insight into underlying and evolving biology of

studies in tumor immunology have also focused on the concept of

tumor, without need for invasive biopsies [65]. This will also allow

immune checkpoints, a series of molecules that function to limit an

analysis of molecular changes that occur secondary to treatment

ongoing immune response [68, 70]. The ability of cancer cells to evade

pressures and intra-patient tumor heterogeneity that may otherwise have

anti-tumor T-cell activity in microenvironment has recently been

been missed with tumor biopsies. It also allows patient sub-classification

accepted as a hallmark of cancer progression. Blocking of one or more

with

the

placebo

group,

representing

a

4.1-month

according to molecular profiles of risk, prognosis and likely response

such immune checkpoints with monoclonal antibodies (mAbs) has been

[66]. Molecular characterization of CTCs may lend insight into

shown to rescue otherwise exhausted antitumor T cells. Blocking

underlying mechanisms of resistance to cancer therapy and develop

checkpoints to recover existing antitumor immune responses might

biomarkers to support rational molecular stratification of patients with

presumably be more effective than inducing a de novo antitumor

CRPC to novel antitumor agents. Ultimately, deep sequencing of DNA

response through vaccination. Both pilimumab (MDX-010) and

from CTCs will permit detection of tumor heterogeneity of CRPC, in

tremelimumab (CP-675206) are clinical applications of checkpoint

order to dissect clonal evolution and aid understanding of clones’

inhibitors, antibodies specific for cytotoxic T lymphocyte antigen 4

association with drug resistance. Future research on CTC enumeration

(CTLA-4). Ipilimumab is an antagonistic mAbs that recognizes CTLA-4,

may pinpoint a robust biomarker with strong statistical association to

an immunomodulatory molecule expressed by activated T cells, and to

clinical benefit from treatment, which may be employed as a surrogate

CD80 on APCs. It was proven active both in PSA response and clinical

for true outcome in patients with CRPC. Moreover, CTCs may expedite

improvement, with or without radiotherapy in mCRPC patients [71].

anticancer drug design, minimizing delay in development and regulatory

Because anti-CTLA-4 mAbs target the immune system instead of the

approval of effective agents for CRPC, reducing the number of patients

tumor, they hold potential advantages over traditional antitumor mAbs,

undergoing ineffective regimen.

chemotherapy, and immunotherapy (vaccines and cytokines). Other
antibodies with neutralizing function, such as CD137, CD40, and PD-1
(programmed cell death 1), are currently in various stages of preclinical

6.

Personalized immunotherapy for PCa

and clinical evaluation.

The concept of immune modulation, which aims at generating a

Most treatment regimens for advanced cancer highlight a

meaningful antitumor immune response, has been extensively evaluated

combination of chemotherapy drugs, or concurrent radio-chemotherapy,

in melanoma and renal cell carcinoma. This principle has been extended

raising a possibility that immunotherapy may need combination with

to PCa, known as slow-growing and more indolent, which can allow

conventional

12

therapy

to

achieve

maximal

effect.

Fortunately,

conventional cancer treatments have immunological benefits [72],

26:242-5.

making combinatorial trials attractive. In sum, there is strong rationale

[4] Petrylak DP, Tangen CM, Hussain MHA, Lara Jr PN, Jones JA, Taplin ME,

for combined immunotherapies and/or combining immunotherapy with

Burch PA, Berry D, Moinpour C, Kohli M, Benson MC, Small EJ, Raghavan

conventional therapy, but such combination increases complexity for

D, Crawford ED. Docetaxel and estramustine compared with mitoxantrone

clinical trial design; issues of dosing and sequence become a great

and prednisone for advanced refractory prostate cancer. N Engl J Med 2004;

challenge.

351:1513-20.
[5] Grönberg H. Prostate cancer epidemiology. Lancet 2003; 361:859-64.
[6] Hsing AW, Devesa SS. Trends and patterns of prostate cancer: what do they

7.

Conclusions and perspectives

suggest? Epidemiol Rev 2001; 23:3-13.
[7]

In the past decade, cancer therapy has slowly but steadily transformed

Meric-Bernstam F, Mills GB. Overcoming implementation challenges of
personalized cancer therapy. Nat Rev Clin Oncol 2012; 9:542-48.

from a one-size-fits-all to a more personalized approach, each patient

[8] de Bono JS, Oudard S, Ozguroglu M, Hansen S, Machiels J-P, Kocak I,

treated according to specific genetic defects of his/her own tumor.

Gravis Gl, Bodrogi I, Mackenzie MJ, Shen L, Roessner M, Gupta S, Sartor

Appearance of genomic technologies has now provided the means to

AO.

develop data that address complexity of biologic states. Practice of

Prednisone

plus

cabazitaxel

or

mitoxantrone

for

metastatic

castration-resistant prostate cancer progressing after docetaxel treatment: a

cancer therapy continually faces the challenge of matching the right

randomised open-label trial. Lancet 2010; 376:1147-54.

therapeutic regimen with the right patient at the right time, balancing

[9] Paller CJ, Antonarakis ES. Cabazitaxel: a novel second-line treatment for

relative benefit with risk to attain optimal outcome. Cases with CRPC

metastatic castration-resistant prostate cancer. Drug Des Devel Ther 2011;

may represent myriad heterogeneity in terms of performance,

5:117-24.

comorbidity, and underlying molecular mechanisms. Prior to 2010, the

[10] Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF,

sole agent for CRPC was docetaxel; positive results now available from

Redfern CH, Ferrari AC, Dreicer R, Sims RB, Xu Y, Frohlich MW,

clinical trials of cabazitaxel, sipuleucel-T, abiraterone, and enzalutamide

Schellhammer PF. Sipuleucel-T immunotherapy for castration-resistant

mean we now have a plethora of agents to choose from. New AUA

prostate cancer. N Engl J Med 2010; 363:411-22.

guidelines for CRPC treatment in 2013 represent a prototype of

[11] de Bono JS, Logothetis CJ, Molina A, Fizazi K, North S, Chu L, Chi KN,

personalized therapy. Despite these recent advances, efforts in molecular

Jones RJ, Goodman Jr OB, Saad F, Staffurth JN, Mainwaring P, Harland S,

therapeutics should continue and bring further changes in the PCa

Flaig TW, Hutson TE, Cheng T, Patterson H, Hainsworth JD, Ryan CJ,

treatment paradigm. Moreover, many emerging personalized therapies

Sternberg CN, Ellard SL, Fléchon A, Saleh M, Scholz M, Efstathiou E, Zivi

are under scrutiny: e.g., immunotherapy and CTC-targeted therapy.

A, Bianchini D, Loriot Y, Chieffo N, Kheoh T, Haqq CM, Scher HI.

Though personalized therapy for CRPC is still in its infancy, ideal

Abiraterone and increased survival in metastatic prostate cancer. N Engl J

therapy tailored for individual CRPC patients continues to advance.

Med 2011; 364: 1995-2005.
[12] Ryan CJ, Smith MR, de Bono JS, Molina A, Logothetis CJ, Souza Pd, Fizazi
K, Mainwaring P, Piulats JM, Ng S, Carles J, Mulders PFA, Basch E, Small

Acknowledgments

EJ, Saad F, Schrijvers D, Van Poppel H, Mukherjee SD, Suttmann H,

We thank Dr. Ming-Chei Maa and Dr. Yuan-Man Hsu for valuable

Gerritsen WR, Flaig TW, George DJ, Yu EY, Efstathiou E, Pantuck A,

suggestions and editorial assistance. The authors thank Dr. Ganesh Raj

Winquist E, Higano CS, Taplin M-E, Park Y, Kheoh T, Griffin T, Scher HI,

(Department of Urology, University of Texas Southwestern Medical

Rathkopf DE. Abiraterone in metastatic prostate cancer without previous

Center) for permission to use Figure 1 in this review. This work was

chemotherapy. N Engl J Med 2013; 368:138-48.

funded by the National Science Council (NSC101-2314-B-006-011-

[13] Scher HI, Beer TM, Higano CS, Anand A, Taplin ME, Efstathiou E, Rathkopf

MY3 and NSC101-2313-B-039-004-MY3), China Medical University

D, Shelkey J, Yu EY, Alumkal J, Hung D, Hirmand M, Seely L, Morris MJ,

(CMU102-S-28), and the Tomorrow Medicine Foundation.

Danila DC, Humm J, Larson S, Fleisher M, Sawyers CL. Antitumour activity

Declaration of Interest:

of MDV3100 in castration-resistant prostate cancer: a phase 1–2 study.

Authors declare no conflicts of interest

Lancet 2010; 375:1437-46.

for this work.

[14] Scher HI, Fizazi K, Saad F, Taplin ME, Sternberg CN, Miller K, Wit RD,

Open Access This article is distributed under the terms of the

Mulders P, Hirmand M, Selby B, De Bono JS. Effect of MDV3100, an

Creative Commons Attribution License which permits any use,

androgen receptor signaling inhibitor (ARSI), on overall survival in patients

distribution, and reproduction in any medium, provided the original

with prostate cancer postdocetaxel: Results from the phase III AFFIRM study.

author(s) and the source are credited.

J Clin Oncol 2012; 30(15) suppl:LBA1.
[15] De Bono JS, Fizazi K, Saad F, Taplin ME, Sternberg CN, Miller K, Mulders P,
Chi KN, Armstrong AJ, Hirmand M, Selby B, Scher HI. Primary, secondary,

REFERENCES

and quality-of-life endpoint results from the phase III AFFIRM study of
MDV3100, an androgen receptor signaling inhibitor. J Clin Oncol 2012; 30(5)
suppl:4519.

[1] Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013. CA Cancer J Clin

[16] Nilsson S, Strang P, Aksnes AK, Franze`n L, Olivier P, Pecking A, Staffurth J,

2013; 63:11-30.

Vasanthan S, Andersson C, Bruland ØS. A randomized, dose–response,

[2] Silverberg E, Boring CC, Squires TS. Cancer statistics, 1990. CA Cancer J

multicenter phase II study of radium-223 chloride for the palliation of painful

Clin 1990; 40:9-26.

bone metastases in patients with castration-resistant prostate cancer Eur J

[3] Berthold DR, Pond GR, Soban F, de Wit R, Eisenberger M, Tannock IF.

Cancer 2012; 48:678-86.

Docetaxel plus prednisone or mitoxantrone plus prednisone for advanced

[17] Fizazi K, Carducci M, Smith M, Damião R, Brown J, Karsh L, Milecki P,

prostate cancer: updated survival in the TAX 327 study. J Clin Oncol 2008;

13

Shore N, Rader M, Wang H, Jiang Q, Tadros S, Dansey R, Goessl C.

[32] Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran SM, Khan AP,

Denosumab versus zoledronic acid for treatment of bone metastases in men

Quist MJ, Jing X, Lonigro RJ, Brenner JC, Asangani IA, Ateeq B, Chun SY,

with castration-resistant prostate cancer: a randomised, double-blind study.

Siddiqui J, Sam L, Anstett M, Mehra R, Prensner JR, Palanisamy N, Ryslik

Lancet 2011;377:813-22.

GA, Vandin F, Raphael BJ, Kunju LP, Rhodes DR, Pienta KJ, Chinnaiyan
AM, Tomlins SA. The mutational landscape of lethal castrate resistant

[18] Dreicer R, Agus DB, Bellmunt J, De Bono JS, Petrylak DP, Tejura B, Shi Y,

prostate cancer. Nature 2012; 487:239-43.

Fizazi K. A phase III, randomized, double-blind, multicenter trial comparing

[33] Spans L, Clinckemalie L, Helsen C, Vanderschueren D, Boonen S, Lerut E,

the investigational agent orteronel (TAK-700) plus prednisone (P) with
placebo plus P in patients with metastatic castration-resistant prostate cancer

Joniau S, Claessens F. The Genomic Landscape of Prostate Cancer. Int J Mol

(mCRPC) that has progressed during or following docetaxel-based therapy. J

Sci 2013; 14:10822-51.
[34] Pourmand G, Ziaee AA, Abedi AR, Mehrsai A, Alavi HA, Ahmadi A, Saadati

Clin Oncol 2012;30(15) suppl:TPS4693.

HR. Role of PTEN gene in progression of prostate cancer. Urol J 2007;

[19] Small EJ, Tchekmedyian NS, Rini BI, Fong L, Lowy I, Allison JP. A pilot trial

4:95-100.

of CTLA-4 blockade with human anti-CTLA-4 in patients with

[35] Fresno Vara JA, Casado E, de Castro J, Cejas P, Belda-Iniesta C,

hormone-refractory prostate cancer. Clin Cancer Res 2007; 13(6):1810-15.

Gonzalez-Baron M. PI3K/Akt signalling pathway and cancer. Cancer Treat

[20] Yakes FM, Chen J, Tan J, Yamaguchi K, Shi Y, Yu P, Qian F, Chu F, Bentzien
F, Cancilla B, Orf J, You A, Laird AD, Engst S, Lee L, Lesch J, Chou Y-C,

Rev 2004; 30:193-204.

Joly AH. Cabozantinib (XL184), a novel MET and VEGFR2 Inhibitor,

[36] Sarker D, Reid AHM, Yap TA, de Bono JS. Targeting the PI3K/AKT pathway

simultaneously suppresses metastasis, angiogenesis, and tumor growth. Mol

for the treatment of prostate cancer. Clin Cancer Res 2009; 15:4799-805.

Cancer Ther 2011; 10(12):2298-308.

[37] Mosquera JM, Perner S, Genega EM, Sanda M, Hofer MD, Mertz KD, Paris

[21] Smith DC, Smith MR, Sweeney C, Elfiky AA, Logothetis C, Corn PG,

PL, Simko J, Bismar TA, Ayala G, Shah RB, Loda M, Rubin MA.

Vogelzang NJ, Small EJ, Harzstark AL, Michael S. Gordon, Vaishampayan

Characterization

UN, Haas NB, Spira AI, Lara Jr PN, Lin CC, Srinivas S, Sella A, Schoffski P,

intraepithelial neoplasia and potential clinical implications. Clin Cancer Res

Scheffold C, Weitzman AL, Hussain M. Cabozantinib in patients with

of

TMPRSS2-ERG

fusion

high-grade

prostatic

2008; 3380-85.

advanced prostate cancer: results of a phase II randomized discontinuation

[38] Perner S, Mosquera JM, Demichelis F, Hofer MD, Paris PL, Simko J, Collins

trial. J Clin Oncol 2013; 31:412-19.

C, Bismar TA, Chinnaiyan AM, Marzo AMD, Rubin MA. TMPRSS2-ERG

[22] Tran C, Ouk S, Clegg NJ, Chen Y, Watson PA, Arora V, Wongvipat J, Smith

fusion prostate cancer: an early molecular event associated with invasion. Am

Jones PM, Yoo D, Kwon A, Wasielewska T, Welsbie D, Chen C, Higano CS,

J Surg Pathol 2007; 31:882-88.

Beer TM, Hung DT, Scher HI, Jung M, Sawyers CL. Development of a

[39] Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S, Donovan J,

second-generation antiandrogen for treatment of advanced prostate cancer.

Barretina J, Boehm JS, Dobson J, Urashima M, Mc Henry KT, Pinchback

Science 2009; 324:787-90.

RM, Ligon AH, Cho YJ, Haery L, Greulich H, Reich M, Winckler W,

[23] Garman KS, Nevins JR, Potti A. Genomic strategies for personalized cancer

Lawrence MS, Weir BA, Tanaka KE, Chiang DY, Bass AJ, Loo A, Hoffman

therapy. Hum Mol Genet 2007; 16:226-32.

C, Prensner J, Liefeld T, Gao Q, Yecies D, Signoretti S, Maher E, Kaye FJ,

[24] van ’t Veer LJ, Bernards R. Enabling personalized cancer medicine through

Sasaki H, Tepper JE, Fletcher JA, Tabernero J, Baselga J, Tsao MS,

analysis of gene-expression patterns. Nature 2008; 452:564-70.

Demichelis F, Rubin MA, Janne PA, Daly MJ, Nucera C, Levine RL, Ebert

[25] The clinical guideline for the therapy of castration-resistant prostate cancer,

BL, Gabriel S, Rustgi AK, Antonescu CR, Ladanyi M, Letai A, Garraway LA,

American Urological Association (AUA). http://www.auanet.org/education/

Loda M, Beer DG, True LD, Okamoto A, Pomeroy SL, Singer S, Golub TR,

guidelines/castration- resistant-prostate-cancer.cfm.

Lander ES, Getz G, Sellers WR, Meyerson M. The landscape of somatic

[26] The cancer genome atlas research network. Comprehensive genomic

copy-number alteration across human cancers. Nature 2010; 463:899-905.

characterization defines human glioblastoma genes and core pathways.

[40] Yu J, Yu J, Mani RS, Cao Q, Brenner CJ, Cao X, Wang X, Wu L, Li J, Hu M,

Nature 2008; 455:1061-68.

Gong Y, Cheng H, Laxman B, Vellaichamy A, Shankar S, Li Y, Dhanasekaran

[27] Tomlins SA, Rhodes DR, Perner S, Dhanasekaran SM, Mehra R, Sun XW,

SM, Morey R, Barrette T, Lonigro RJ, Tomlins SA, Varambally S, Qin ZS,

Varambally S, Cao X, Tchinda J, Kuefer R, Lee C, Montie JE, Shah RB,

Chinnaiyan AM. An integrated network of androgen receptor, polycomb, and

Pienta KJ, Rubin MA, Chinnaiyan AM. Recurrent fusion of TMPRSS2 and

TMPRSS2-ERG gene fusions in prostate cancer progression. Cancer Cell

ETS transcription factor genes in prostate cancer. Science 2005; 310:644-48.

2010; 17:443-54.

[28] Tomlins SA, Laxman B, Varambally S, Cao X, Yu J, Helgeson BE, Cao Q,

[41] Thompson IM, Pauler DK, Goodman PJ, Tangen CM, Lucia MS, Parnes HL,

Prensner JR, Rubin MA, Shah RB, Mehra R, Chinnaiyan AM. Role of the

Minasian LM, Ford LG, Lippman SM, Crawford ED, Crowley JJ, Charles A.

TMPRSS2–ERG gene fusion in prostate cancer. Neoplasia 2008; 10:177-88.

Coltman J. Prevalence of prostate cancer among men with a prostate-specific

[29] Lapointe J, Li C, Giacomini CP, Salari K, Huang S, Wang P, Ferrari M,

antigen level ≤4.0 ng per milliliter. N Engl J Med 2004; 350:2239-46.

Hernandez-Boussard T, Brooks JD, Pollack JR. Genomic profiling reveals

[42] Attard G, Reid AHM, Yap TA, Raynaud F, Dowsett M, Settatree S, Barrett M,

alternative genetic pathways of prostate tumorigenesis. Cancer Res 2007;

Parker C, Martins V, Folkerd E, Clark J, Cooper CS, Kaye SB, Dearnaley D,

67:8504-10.

Lee G, de Bono JS. Phase I clinical trial of a selective inhibitor of CYP17,

[30] Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, Arora

abiraterone acetate, confirms that castration-resistant prostate cancer

VK, Kaushik P, Cerami E, Reva B, Antipin Y, Mitsiades N, Landers T,

commonly remains hormone driven. J Clin Oncol 2008; 26: 4563-71.

Dolgalev I, Major JE, Wilson M, Socci ND, Lash AE, Heguy A, Eastham JA,

[43] Attard G, Swennenhuis JF, Olmos D, Reid AHM, Vickers E, A’Hern R, Levink

Scher HI, Reuter VE, Scardino PT, Sander C, Sawyers CL, Gerald WL.

R, Coumans F, Moreira J, Riisnaes R, Oommen NB, Hawche G, Jameson C,

Integrative genomic profiling of human prostate cancer. Cancer cell 2010;

Thompson E, Sipkema R, Carden CP, Parker C, Dearnaley D, Kaye SB,

18:11-22.

Cooper CS, Molina A, Cox ME, Terstappen LWMM, de Bono JS.

[31] Reynolds MA. Molecular alterations in prostate cancer. Cancer Lett 2008; 270

Characterization of ERG, AR and PTEN gene status in circulating tumor cells

13-24.

from patients with castration-resistant prostate cancer. Cancer Res 2009; 69:

14

Cancer Res 2007; 13:7053-58.

2912-18.
[44] Tomlins SA, Bjartell A, Chinnaiyan AM, Jenster G, Nam RK, Rubin MA,

[62] Olmos D, Arkenau HT, Ang JE, Ledaki I, Attard G, Carden CP, Reid AHM,

Schalken JA. ETS gene fusions in prostate cancer: from discovery to daily

A’Hern R, Fong PC, Oomen NB, Molife R, Dearnaley D, Parker C,

clinical practice. 2009; 56:275-86.

Terstappen LWMM, de Bono JS. Circulating tumour cell (CTC) counts as
intermediate end points in castration-resistant prostate cancer (CRPC): a

[45] Knudsen KE, Scher HI. Starving the addiction: new opportunities for durable

single-centre experience. Ann Oncol 2009; 20:27-33.

suppression of AR signaling in prostate cancer. Clin Cancer Res 2009;

[63] Alix-Panabières C, Pantel K. Circulating tumor cells: liquid biopsy of cancer.

15:4792-98.

Clin Chem 2013; 59:110-18.

[46] Agoulnik IU, Vaid A, Bingman III WE, Erdeme H, Frolov A, Smith CL, Ayala

[64] Plaks V, Koopman CD, Werb Z. Circulating tumor cells. Science

G, Ittmann MM, Weigel NL. Role of SRC-1 in the promotion of prostate

2013;341:1186-8.

cancer cell growth and tumor progression. Cancer Res 2005; 65:7959-67.

[65] Attard G, Bono JSd. Utilizing circulating tumor cells: challenges and pitfalls.

[47] Vasaitis TS, Bruno RD, Njar VCO. CYP17 inhibitors for prostate cancer

Curr Opin Genet Dev 2010; 21:50-58.

therapy. J Steroid Biochem Mol Biol 2011; 125:23-31.
[48] Ferraldeschi R, Pezaro C, Karavasilis V, de Bono JS. Abiraterone and novel

[66] Yap TA, Swanton C, de Bono JS. Personalization of prostate cancer

antiandrogens: overcoming castration resistance in prostate cancer. Annu Rev

prevention and therapy: are clinically qualified biomarkers in the horizon?
The EPMA Journal 2012; 3:3.

Med 2013; 64:1-13.

[67] Higano CS, Small EJ, Schellhammer P, Yasothan U, Gubernick S, Kirkpatrick

[49] Dehm SM, Schmidt LJ, Heemers HV, Vessella RL, Tindall DJ. Splicing of a

P, Kantoff PW. Sipuleucel-T. Nat Rev Drug Discov 2010; 9:513-14.

novel androgen receptor exon generates a constitutively active androgen

[68] Drake CG. Prostate cancer as a model for tumour immunotherapy. Nat Rev

receptor that mediates prostate cancer therapy resistance. Cancer Res 2008;

Immunol 2010; 10:580-93.

68:5469-77.
[50] Quayle SN, Mawji NR, Wang J, Sadar MD. Androgen receptor decoy

[69] Higano CS, Schellhammer PF, Small EJ, Burch PA, Nemunaitis J, Yuh L,

molecules block the growth of prostate cancer. Proc Natl Acd Sci USA 2007;

Provost N, Frohlich MW. Integrated data from 2 randomized, double-blind,

104:1331-36.

placebo-controlled, phase 3 trials of active cellular immunotherapy with
sipuleucel-T in advanced prostate cancer. Cancer 2009; 115:3670-79.

[51] Godbole AM, Njar VCO. New insights into the androgen-targeted therapies

[70] Fong L, Small EJ. Anti–cytotoxic T-lymphocyte antigen-4 antibody: the first

and epigenetic therapies in prostate cancer. Prostate Cancer 2011; Article ID

in an emerging class of immunomodulatory antibodies for cancer treatment. J

918707.

Clin Oncol 2008; 26:5275-83.

[52] Jones PA, Baylin SB. The epigenomics of cancer. Cell 2007; 128:683-92.

[71] Slovin SF, Beer TM, Higano CS, Tejwani S, Hamid O, Picus J, Harzstark A,

[53] Majumdar S, Buckles E, Estrada J, Koochekpour S. Aberrant DNA

Scher HI, Lan Z, Lowy I. Initial phase II experience of ipilimumab (IPI)

methylation and prostate cancer. Current Genomics 2011; 12:486-505.
[54] Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC, Reuben

alone and in combination with radiotherapy (XRT) in patients with metastatic

JM, Doyle GV, Allard WJ, Terstappen LWMM, Hayes DF. Circulating tumor

castration-resistant prostate cancer (mCRPC). J Clin Oncol 2009;
27(15s):5138.

cells, disease progression, and survival in metastatic breast cancer. N Engl J

[72] Nesslinger NJ, Sahota RA, Stone B, Johnson K, Chima N, King C, Rasmussen

Med 2004; 351:781-91.

D, Bishop D, Rennie PS, Gleave M, Blood P, Pai H, Ludgate C, Nelson BH.

[55] de Bono JS, Scher HI, Montgomery RB. Circulating tumor cells predict
survival benefit from treatment in metastatic castration-resistant prostate

Standard treatments induce antigen-specific immune responses in prostate

cancer. Clin Cancer Res 2008; 6302-09.

cancer. Clin Cancer Res 2007; 13:1493-502.

[56] Cohen SJ, Punt CJA, Iannotti N, Saidman BH, Sabbath KD, Gabrail NY,
Picus J, Morse M, Mitchell E, Miller MC, Doyle GV, Tissing H, Terstappen
LWMM, Meropol NJ. Relationship of circulating tumor cells to tumor
response, progression-free survival, and overall survival in patients with
metastatic colorectal cancer. J Clin Oncol 2008; 26:3213-21.
[57] Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. Science
2011; 331: 1559-64.
[58] Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister F, Reichert
M, Beatty GL, Rustgi AK, Vonderheide RH, Leach SD, Stanger BZ. EMT
and dissemination precede pancreatic tumor formation. Cell 2011;
148:349-61.
[59] Allard WJ, Matera J, Miller MC, Repollet M, Connelly MC, Rao C, Tibbe
AGJ, Uhr JW, Terstappen LWMM. Tumor cells circulate in the peripheral
blood of all major carcinomas but not in healthy subjects or patients with
nonmalignant diseases. Clin Cancer Res 2004; 10: 6897-904.
[60] Shaffer DR, Leversha MA, Danila DC, Lin O, Gonzalez-Espinoza R, Gu B,
Anand A, Smith K, Maslak P, Doyle GV, Terstappen LWMM, Lilja H, Heller
G, Fleisher M, Scher HI. Circulating tumor cell analysis in patients with
progressive castration-resistant prostate cancer. Clin Cancer Res 2007;
13:2023-29.
[61] Danila DC, Heller G, Gignac GA, Gonzalez-Espinoza R, Anand A, Tanaka E,
Lilja H, Schwartz L, Larson S, Fleisher M, Scher HI. Circulating tumor cell
number and prognosis in progressive castration-resistant prostate cancer. Clin

15

Product 4
European Journal of Medicinal Chemistry 80 (2014) 308e315

Contents lists available at ScienceDirect

European Journal of Medicinal Chemistry
journal homepage: http://www.elsevier.com/locate/ejmech

Original article

Enantiopure bifunctional chelators for copper radiopharmaceuticals e
Does chirality matter in radiotracer design?q
Ajay N. Singh a, b,1, Marianna Dakanali a,1, Guiyang Hao a, Saleh Ramezani a, Amit Kumar a,
Xiankai Sun a, c, *
a
b
c

Department of Radiology, The University of Texas Southwestern Medical Center, Dallas, TX, USA
Department of Basic Science, Appalachian College of Pharmacy, Oakwood, VA, USA
Department of Advanced Imaging Research Center, The University of Texas Southwestern Medical Center, Dallas, TX, USA

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 18 January 2014
Received in revised form
22 April 2014
Accepted 23 April 2014
Available online 25 April 2014

It is well recognized that carbon chirality plays a critical role in the design of drug molecules. However,
very little information is available regarding the effect of stereoisomerism of macrocyclic bifunctional
chelators (BFC) on biological behaviors of the corresponding radiopharmaceuticals. To evaluate such
effects, three enantiopure stereoisomers of a copper radiopharmaceutical BFC bearing two chiral carbon
atoms were synthesized in forms of R,R-, S,S-, and R,S-. Their corresponding peptide conjugates were
prepared by coupling with a model peptide sequence, c(RGDyK), which targets the avb3 integrin for
in vitro and in vivo evaluation of their biological behaviors as compared to the racemic conjugate. Despite
the chirality differences, all the conjugates showed a similar in vitro binding afﬁnity proﬁle to the avb3
integrin (106, 108, 85 and 100 nM for rac-H2-1, RR-H2-1, SS-H2-1, and RS-H2-1 respectively with all p
values > 0.05) and a similar level of in vivo tumor uptake (2.72  0.45, 2.60  0.52, 2.45  0.48 and
2.88  0.59 for rac-64Cu-1, RR-64Cu-1, SS-64Cu-1, and RS-64Cu-1 at 1 h p.i. respectively). Furthermore,
they demonstrated a nearly identical biodistribution pattern in major organs (e.g. 2.07  0.21,
2.13  0.58, 1.70  0.20 and 1.90  0.46 %ID/g at 24 h p.i. in liver for rac-64Cu-1, RR-64Cu-1, SS-64Cu-1, and
RS-64Cu-1 respectively; 1.80  0.46, 2.30  1.49, 1.73  0.31 and 2.23  0.71 at 24 h p.i. in kidneys for
rac-64Cu-1, RR-64Cu-1, SS-64Cu-1, and RS-64Cu-1 respectively). Therefore we conclude that the chirality of
BFC plays a negligible role in avb3-targeted copper radiopharmaceuticals. However, we believe it is still
worthwhile to consider the chirality effects of BFCs on other targeted imaging or therapeutic agents.
Ó 2014 Elsevier Masson SAS. All rights reserved.
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1. Introduction

detailed anatomical information for a better diagnosis. Currently,
F (t1/2 ¼ 109 min) and 11C (t1/2 ¼ 20.3 min) are the most
commonly used PET radionuclides for the development of PET
imaging probes. However, their short half-lives limit their applications mainly in small organic or biological molecules. Recently,
64
Cu (t1/2 ¼ 12.7 h; Ebþ max ¼ 0.653 MeV, 17.4%), a non-standard PET
radionuclide, has drawn considerable attention in the community
of PET due to its low positron energy, commercial availability, and
reasonably long decay half-life [6,7]. More importantly, the wellestablished coordination chemistry of copper potentially enables
a rapid translation from bench-top science to clinical practice of
copper radiopharmaceuticals with a variety of imaging or radiotherapeutic applications involving peptides, antibodies or their
fragments, and nanoparticles [8e10].
The stability of the metal complex moiety is of critical importance in the design of a metal radiopharmaceutical. In the past
decade, we and other groups had research focused on a cross18

Positron emission tomography (PET) is routinely used in clinical
and preclinical settings for diagnostic or prognostic imaging of
cancer or other diseases [1e5]. The success of PET lies in its high
sensitivity and speciﬁcity to detect physiological changes at cellular
or molecular level. Combined with computed tomography (CT),
dual-modal PET/CT imaging provides both molecular changes and
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bridged tetraazamacrocyclic chelator, CB-TE2A [4,11-bis-(carbotert-butoxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane] for
the development of novel copper radiopharmaceuticals because
CB-TE2A forms one of the most stable complexes with Cu(II), which
is more resistant to reductive metal loss than are other tetraazamacrocyclic complexes [11,12]. The high in vivo stability of Cu(II)CB-TE2A complex arises from the perfect match of Cu(II) and the
cavity size formed by the pre-organized CB-cyclam ligand [11,13]. In
this hexa coordinated complex, Cu(II) is completely encapsulated in
the CB-cyclam cavity by four coordinating nitrogen atoms and two
carboxylate oxygen atoms. However, once a pendent carboxylate
arm of the CB-TE2A is converted to amide during vector conjugation, the stability of the Cu(II)-CB-TE2A will be compromised and
the metal moiety become positively charged, which could be
detrimental to the biological behavior of the copper radiopharmaceuticals. To avoid this problem, we have recently reported a
novel bifunctional chelating (BFC) scaffold based on the CB-TE2A
core [10]. The designed BFC scaffold, CB-TE2GA (Fig. 1), utilizes an
orthogonally protected glutaric heterodiester as the coordinating
side arm. The choice of this side arm allows selective deprotection
of the peripheral carboxylates for conjugation with targeting molecules, while the inner carboxylates can be preserved for 64Cu
complexation. We reported that the imaging probe so designed
(rac-64Cu-1) indeed showed high in vivo stability and enhanced
tumor uptake due to the multivalent effect [10].
However, our reported BFC scaffold, CB-TE2GA, bears two chiral
carbon atoms in the glutaric acid side arm, which can give rise to
three potential stereoisomers [14,15]. When targeting molecules
are attached to the side arms, the chirality difference may lead to
different spatial dispositions of the targeting moieties depending
on the chirality of the side arms, which can potentially impact their
binding afﬁnities to the target receptors.
To evaluate the role of chiral BFC in the properties of copper
radiopharmaceuticals, we synthesized CB-TE2GA in three enantiopure forms (RR-8, SS-8, RS-8) starting from the enantiopure side
arm precursors, namely R- and S-5-benzyl 1-(tert-butyl) 2((methylsulfonyl)oxy)pentadioate (R-6, S-6). The synthesized BFCs,
RR-8, SS-8, and RS-8, were conjugated with an avb3 integrin speciﬁc
peptide, c(RGDyK), to provide enantiopure peptide conjugates (RRH2-1, SS-H2-1, RS-H2-1), respectively. When labeled with 64Cu, the
peptide conjugates were evaluated by in vitro binding assay, PET/CT
imaging, and imaging-derived biodistribution proﬁles in tumorbearing mice. The racemic conjugate was used as the control for
comparative evaluation.
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2. Results
2.1. Synthesis
The synthesis of enantiopure RR-H2-1, SS-H2-1, and RS-H2-1 was
achieved in three steps; i) synthesis of the chiral side arms, S-6 and
R-6 ii) synthesis of the BFC scaffolds, RR-8, SS-8, and RS-8, and iii)
conjugation of two molecules of c(RGDyK) on to the BFCs (Schemes
1e3). The synthesis of the chiral side arms, S-6 and R-6, started
from L- and D-glutamic acid, respectively. Following a reported
procedure [16,17], L- or D-glutamic acid was converted to S- or R-2
respectively, via diazotization using sodium nitrite (NaNO2) in the
presence of excess HCl in 78% yield. The stereoselectivity of the
conversion of L-glutamic acid to S-2 depends critically on both the
rate of the addition of the aqueous NaNO2 solution to the acidic Lglutamic acid solution and on the reaction temperature that must
be maintained between 0 and 5  C during the addition [17]. The
synthesis of S-2 uses the stereoselectivity of the deamination reaction, which is known to proceed with complete retention of the
conﬁguration [16]. The tBu-protected ester S-3 was synthesized in
55% yield using a standard esteriﬁcation procedure, namely 4dimethylaminopyridine
(DMAP)
and
N,
N0 -dicyclohexylcarbodiimide (DCC) in tetrahydrofuran (THF). Unlike the reported
procedure where S-3 was synthesized from the acid chloride of S-2,
the DMAP/DCC directed esteriﬁcation was easy to handle and the
product, lactone S-3, could be puriﬁed and obtained at gram scale.
The obtained S-3 was then hydrolyzed using one equivalent of 1 N
KOH to provide the potassium salt of S-4. A small sample of the
above synthesized salt was treated with 3 N HCl to yield the corresponding acid in 60% yield for puriﬁcation and characterization
purposes. The carboxylate salt of S-4 was alkylated with benzyl
bromide (BnBr) in dimethylformamide (DMF) to afford the crude S5, an orthogonally protected diester. Puriﬁcation of crude S-5 using
column chromatography yielded the pure product in 52% yield. The
secondary alcohol of S-5 was then converted to the corresponding
mesylate as a leaving group to provide S-6 in quantitative yield.
Mesylate was chosen as the leaving group based on the fact that it is
stable in aqueous workup at room temperature and the controlled
alkylation of CB-cyclam by SN2 reaction affords the complete
inversion of stereochemistry of the product. Dialkylation of CBcyclam was carried out by adding the mesylated S-6 or R-6, to a
suspension of a half equivalent of CB-cyclam in acetonitrile preheated to 50  C in the presence of potassium carbonate. The
orthogonally protected diester, RR-7 or SS-7, was obtained in 52%

Fig. 1. Structures of peptide conjugates: rac-64Cu-1, RR-64Cu-1, SS-64Cu-1 and RS-64Cu-1.
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Scheme 1. Synthesis of 5-benzyl 1-(tert-butyl) 2-((methylsulfonyl)oxy)pentadioate (S-6) and (R-6). Reagents and conditions: a) L-glutamic acid (1 equiv), HClconc, NaNO2 (1.5 equiv),
H2O/dioxane, 0  C then r.t., 20 h; b) t-BuOH (1.1 equiv), DMAP (0.4 equiv), DCC (1.1 equiv), CH2Cl2, r.t., 18 h; c) 1 N KOH (2 equiv), THF, 0  C then r.t., 4 h; d) BnBr (1 equiv), DMF, r.t.
8 h; e) MsCl (1.01 equiv), Et3N (1.4 equiv), CH2Cl2, 0  C then r.t., 2 h.

Scheme 2. Synthesis of RR-H2-1 and SS-H2-1. Reagents and conditions: a) K2CO3 (1.2 equiv), CH3CN, r.t. 24 h then 50  C 24 h; b) 10% Pd/C (catalytic), H2, 2-propanol, r.t. 12 h; c) NHS
(4 equiv), EDC HCl (4 equiv), CH3CN, r.t. 18 h; d) c(RGDyK) (4 equiv), DIPEA, DMF, r.t 24 h; e) TFA, r.t. 12 h.

Scheme 3. Synthesis of RS-H2-1. Reagents and conditions: a) K2CO3 (1.2 equiv), CH3CN, r.t. 24 h then 50  C 24 h; b) R-6 (1.5 equiv), K2CO3 (1.2 equiv), CH3CN, r.t. 24 h then 50  C
24 h; c) 10% Pd/C (catalytic), H2, 2-propanol, r.t. 12 h; d) NHS (4 equiv), EDC HCl (4 equiv), CH3CN, r.t. 18 h; e) c(RGDyK) (4 equiv), DIPEA, DMF, r.t. 24 h; f) TFA, r.t. 12 h.
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yield. Addition of the chiral side arms, S-6 and R-6, provided the
BFC scaffolds RR-7 and SS-7, respectively, with the complete
inversion of conﬁguration. The BFC scaffold RS-7 was synthesized
in two steps: reaction of CB-cylam with S-6, to yield scaffold R-9,
followed by alkylation with R-6 to provide RS-7 in 40% yield.
The synthesized BFC scaffolds RR-7, SS-7, and RS-7 contain two
protected carboxylate groups at a and g positions of the side arms.
The benzyl protected g-carboxylate groups were selectively
deprotected and the resulting acids were conjugated with the
c(RGDyK) peptide. Catalytic debenzylation of RR-7, SS-7, and RS-7
was achieved using 10% Pd/C in 2-propanol under hydrogen atmosphere to afford RR-8, SS-8, and RS-8 in quantitative yield. The
obtained g-carboxylic acids were activated by N-hydroxysuccinimide (NHS) for acid-amine conjugation chemistry. The
conjugation of NHS-activated RR-8, SS-8, and RS-8 with two
equivalents of c(RGDyK) in the presence of N, N-diisopropylethylamine (DIPEA) provided the t-butyl protected conjugates in quantitative yield. Finally, the a-carboxylate groups were deprotected
using 95% triﬂuoroacetic acid to provide RR-H2-1, SS-H2-1, and RSH2-1, each of which contains two free carboxylic acids for radiolabeling with 64Cu.
Compounds, S- or R-2 to S- or R-6 were characterized by 1H and
13
C NMR and found to be identical to those reported in the literature [17]. Compounds, S- or R-2 to S- or R-6, showed no differences
in 1H and 13C NMR spectra as expected for enantiomers. The peptide conjugates were characterized by their molecular ion peak
shown on MALDI-mass spectra, and the purity of the conjugates
was veriﬁed by HPLC. Optical rotation [a]D for compounds RR-7 and
SS-7 was recorded to be þ34.594 and 36.594 respectively, verifying that these compounds are enantiomers. Furthermore, the
circular dichroism (CD) spectra measured in CH3CN:H2O (1:5) solution, further conﬁrm the enantiomeric nature of the optically
active BFC scaffolds, RR-8 and SS-8. The CD spectrum of RR-8 shows
a positive Cotton effect in the 230e280 nm region, while SS-8 exhibits the opposite sign of the effect in the same range (Fig. 2).
2.2. Radiochemistry
All peptide conjugates (rac-H2-1, RR-H2-1, SS-H2-1, and RS-H2-1)
were successfully labeled (>90% RCY) with 64Cu within 30 min at
75  C in 0.4 mM NH4OAc buffer to provide rac-64Cu-1, RR-64Cu-1,
SS-64Cu-1, and RS-64Cu-1, respectively. A series of radiolabeling
conditions by decreasing the amount of peptide conjugates while
the radioactivity of 64Cu was ﬁxed were tested to reach around
20 GBq/mmol speciﬁc activity. The 64Cu-labeled conjugates were

Fig. 2. Measured CD spectra of RR-8 and SS-8 in CH3CN:H2O 1:5.
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puriﬁed in one step using a pre-conditioned C-18 Sep-Pak light
cartridge with a >90% recovery rate. The radiochemical purity of
the 64Cu-labeled conjugates after cartridge puriﬁcation was >97%
as determined by radio-HPLC. The overall radiochemical procedure
including the synthesis and puriﬁcation steps took less than
45 min.

2.3. Binding assay
The avb3 binding afﬁnities of rac-H2-1, RR-H2-1, SS-H2-1, and RSH2-1 were measured by a competitive cell-binding assay using
U87MG cells in which 125I-echistatin was employed as avb3-speciﬁc
radioligand for competitive displacement. The U87MG cell line was
chosen because the avb3 integrin density on the cell surface is the
highest among the solid tumor cell lines that have been assessed
[18]. The IC50 values of rac-H2-1, RR-H2-1, SS-H2-1, and RS-H2-1
which represent their concentrations required to displace 50% of
the 125I-echistation bound on the U87MG cells, were determined to
be 106, 108, 85 and 100 nM, respectively (n ¼ 4) with all p values
>0.05 (see Fig. 3).
2.4. Small animal PET-CT imaging
To evaluate the effect of the chirality of BFC on the in vivo
properties of the avb3-targeted imaging agents, a comparative PET/
CT imaging study was performed in SCID mice bearing integrin
avb3-positive PC-3 prostate cancer xenografts on a Siemens Inveon
PET/CT Multimodality System. Representative trans-axial PET/CT
images at 1, 4, and 24 h p.i. are displayed in Fig. 4. The PC-3 tumors
were clearly visualized by all four probes up to 24 h p.i. The four
agents showed nearly identical tumor uptake at the three time
points, namely 2.72  0.45, 2.60  0.52, 2.45  0.48 and 2.88  0.59
for rac-64Cu-1, RR-64Cu-1, SS-64Cu-1, and RS-64Cu-1 respectively at
1 h p.i., 2.32  0.37, 2.13  0.49, 1.58  0.32 and 1.73  0.36 at 4 h p.i.
and 1.77  0.32, 1.92  0.51, 1.16  0.20 and 1.22  0.31 at 24 h p.i.
with all p values > 0.05 except for SS-64Cu-1 that showed signiﬁcantly lower uptake than other conjugates at 4 and 24 h p.i. due to
its lower speciﬁc activity at the injection time. In addition, we
compared their in vivo distribution proﬁles in major organs and

Fig. 3. The integrin avb3 binding afﬁnities of cRGDyK peptide, RR-1, SS-1, RS-1 and rac1 measured by a competitive cell-binding assay using 125I-echistatin as the radioligand.
The IC50 values were calculated to be 396 nM (cRGDyK), 108 nM (RR-1), 85 nM (SS-1),
100 nM (RS-1) and 106 nM (rac-1) (R2: 0.91e0.94).
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Fig. 4. (A) Comparative transaxial PET/CT images of PC-3 tumors in SCID mice intravenously injected with rac-64Cu-1, RR-64Cu-1, SS-64Cu-1, and RS-64Cu-1 at 1 h, 4 h, and 24 h p.i.
(B) Quantitative tumor uptake analysis of the four 64Cu-labled peptide conjugates (n ¼ 6).

found that the stereoisomers shared a similar biodistribution
pattern in the mouse tumor model.
3. Discussion
Copper has several radioisotopes of interest for the development of radiopharmaceuticals, which can be used for PET imaging
(61Cu, 62Cu, and 64Cu) and radiotherapy (64Cu and 67Cu). Most
copper radiopharmaceuticals are designed and prepared by incorporation of copper radioisotope into a biological substrate through
the linkage often provided by a tetraazamacrocyclic BFC [6,7,19,20].
The BFCs usually consist of a Cu(II) chelating moiety and a pendent
linker for the attachment to a biomolecule of interest. As such, the
carbon atoms in the pendent linker may become chiral depending
on the chemical modiﬁcation as in our reported design of CBTE2GA. In the case of drugs, these subtle stereo chemical differences may lead to one form of the chiral molecule being therapeutically beneﬁcial, while the other form may be physiologically
neutral or even harmful [21,22]. However, very little information is
available on stereoisomerism of the radiolabeled macrocyclic BFCconjugate at tracer level [23e25].
The role of linker chirality on ligand-receptor interaction
partially depends upon the application of the linker. In case of
monovalent BFC, where linker is solely used as the attachment
point, the linker chirality is not supposed to play signiﬁcant role in
ligand-receptor interaction. This is clearly exempliﬁed by 99mTc(HYNIC-K(NIC)-3G-RGD2) (tricine) monovalent conjugates, where
no signiﬁcant differences in biological behavior or properties were
observed for its separable enantiomers or diastereomers [23]. The
results for the monovalent conjugates are not surprising given the
fact that one radioligand binds to one receptor site, which perhaps
is the main reason that the commercial available BFCs, such as
DOTA-SCN and NOTA-SCN, are provided as racemates. In the case of
multivalent BFC, multiple linkers provide multiple attachment
points as well as different spatial orientations for the multipresentation of a biologically active molecule, where the linker
chirality may play a signiﬁcant role in multi-valent or multiplexing
ligand-receptor interactions.
In our reported multivalent BFC scaffold design for 64Cu-based
PET imaging probe, the BFC scaffold provides multiple peripheral
functional points for multi-presentation of targeting vectors.
Bearing two chiral carbon atoms in the glutaric acid side arm, the
BFC scaffold can have three potential stereoisomers RR-8, SS-8, and
RS-8 [14,15]. Attachment of c(RGDyK) to the chiral side arms leads
to different spatial dispositions of the c(RGDyK) depending on the

chirality of the side arms, which can potentially impact their
binding afﬁnities to the target receptors. Indeed it was reported
that, when two binding motifs of gonadotropin-releasing hormone
(GnRH) peptide (intact peptide: pEHWSYGLRPG-NH2, binding
motifs: pEHW and RPG) were connected by D-Lys or L-Lys, a difference of more than two orders of magnitude was observed in
their binding to GnRH receptor [25]. Therefore we reasoned that
the enantiopure peptide conjugates (RR-H2-1, SS-H2-1, RS-H2-1)
might yield different ligand-receptor afﬁnity and hence in vivo
properties of the corresponding copper radiopharmaceuticals.
Synthesis of the enantiopure side arms was the key step towards
the success of this work. Enantiopure side arms, R-6 and S-6, were
synthesized in gram quantity from D/L-glutaric acid, respectively
[16]. The enantio-selective synthesis relied on the use of an
enantio-speciﬁc deamination reaction to form the lactone (Scheme
1). Further functionalization of the lactone, as well as the ring
opening reaction does not affect the conformation of the molecule.
The synthesis of BFC scaffolds, RR-7, and SS-7, was achieved in one
step by dialkylation of CB-cyclam using enantiopure side arm, S-6,
and R-6, respectively. On the other hand, for the synthesis of RS-7,
stepwise alkylation was required using different enantiomer in
each step. The alkylation of CB-cyclam proceeded via an SN2 type
reaction to provide the product with inversion of conﬁguration.
Finally, RR-H2-1, SS-H2-1, and RS-H2-1 were synthesized by
conjugating the c(RGDyK) peptide with the outer carboxylate
groups, followed by deprotection of the inner carboxylate groups
using 95% TFA for radiolabeling with copper radioisotopes.
The designed imaging agents, enantiopure (RR-64Cu-1, SS-64Cu1) and the meso (RS-64Cu-1) contain two c(RGDyK) units for
multivalent interactions. The distance between the two RGD motifs
in the conjugates is greater than 25 bonds (including the lysine
spacers), the minimum spacing length required to realize multivalent binding of RGD motifs to the avb3 integrin [26]. The spatial
orientations of the c(RGDyK) units are expected to be different in
each stereoisomeric conjugate. To evaluate the chirality effect of
BFC on the imaging properties of the agents, we performed PET/CT
imaging in PC-3 tumor bearing mice. To our surprise, all the agents
showed similar bio-distribution and tumor uptake at all-time
points. This observation suggests that the spatial orientation difference of the two c(RGDyK) units presented on the chiral BFC
scaffold has negligible effects on the bio-distribution proﬁle of the
avb3-targeted imaging agents in the mouse tumor model. This may
indicate that the multivalent ligandereceptor interaction is likely a
stepwise mechanism. Since the multivalent binding can be a
concerted process, binding of one RGD unit to integrin avb3 enables
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the second RGD unit to reorient itself towards a second avb3
binding site as long as the spacer between them including the
chelator moiety is ﬂexible. However, given the fact that ligande
receptor interaction is receptor speciﬁc, what we have observed
with the chiral BFC scaffolds for integrin avb3 in this work may not
be necessarily conserved for other receptors. Judicious selection of
BFC scaffolds with regards to their chirality should still be consider
so as to achieve the optimal imaging properties for noninvasive
assessment of the expression status of speciﬁc biomarkers towards
personalized disease stratiﬁcation.
4. Conclusions
Three enantiopure BFC scaffolds for copper radiopharmaceuticals were designed and synthesized. Using well-validated integrin
avb3 ligand, c(RGDyK), peptide conjugates of the enantiopure BFC
scaffolds were prepared to evaluate the effect of BFC chirality on
ligand-receptor binding and the implications on the in vivo
behavior of so-designed agents. Our work suggests that the
chirality of BFC scaffolds plays an insigniﬁcant role in integrin avb3
targeted copper radiopharmaceuticals. Although this observation
does not support our design rationale, the importance of BFC
chirality in radiopharmaceutical agents cannot be undervalued
without discretion when it is applied to other biological targets.
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5.3. Integrin anb3 binding assay
The binding afﬁnities of c(RGDyK), rac-H2-1, RR-H2-1, RS-H2-1,
and SS-H2-1 to integrin anb3 were determined by a competitive
cell-binding assay using 125I-echistatin (PerkinElmer) as the anb3speciﬁc radioligand. The experiments were performed on U87MG
human glioblastoma cells following our previously reported
method [10]. Brieﬂy, U87MG cells were grown in RPMI 1640 medium supplemented with penicillin, streptomycin, and 10% (v/v)
fetal bovine serum (FBS) at 37  C under 5% CO2. Suspended U87MG
cells in binding buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 2 mM
CaCl2, 1 mM MgCl2, 1 mM MnCl2, 0.1% bovine serum albumin) were
seeded on multi-well DV plates (Millipore) with 5  104 cells per
well and then incubated with 125I-echistatin (10,000 cpm/well) in
the presence of increasing concentrations (0e5000 nM) of
c(RGDyK) peptide conjugates for 2 h. The ﬁnal volume in each well
was maintained at 250 mL. At the end of incubation, unbound 125Iechistatin was removed by ﬁltration followed by ﬁve rinses with
cold binding buffer. The retentive was collected and the radioactivity was measured using a g-counter. The best-ﬁt IC50 values
(inhibitory concentration where 50% of the 125I-echistatin bound on
U87MG cells are displaced) of c(RGDyK), rac-H2-1, RR-H2-1, SS-H21, and RS-H2-1 were calculated by ﬁtting the data with nonlinear
regression using GraphPad Prism (GraphPadSoftware, Inc.). Experiments were duplicated with quintuplicate samples.

5. Experimental section

5.4. Tissue culture and animal model

5.1. General methods and materials

All animal studies were performed in compliance with guidelines set by the UT Southwestern Institutional Animal Care and Use
Committee (IACUC). The PC-3 cell line was obtained from the
American Type Culture Collection (ATCC, Manassas, VA), and was
cultured in T-media (Invitrogen, Carlsbad, CA) at 37  C in an atmosphere of 5% CO2 and were passaged at 75% conﬂuence in P150
plates. T-media was supplemented with 5% Fetal Bovine Serum
(FBS) and 1 Penicillin/Streptomycin. PC-3 cells were harvested
from monolayer using PBS and trypsin/EDTA, and suspended in Tmedia with 5% FBS. The cell suspension was then injected subcutaneously (5  105 cells in 100 mL media) into the front ﬂanks of
male SCID (Severe combined immunodeﬁciency) mice. After injection, animals were monitored three times a week by general
observations. The tumor was allowed to grow three weeks to reach
a palpable size (50e150 mm3) for microPET/CT imaging studies.

All reactions were carried out under N2 atmosphere in degassed
dried solvents. Commercially available starting materials were
purchased from vendors and used directly without further puriﬁcation unless otherwise stated. Milli-Q water (18 MU cm) was obtained from a Millipore Gradient Milli-Q water system (Billerica,
MA). All aqueous solutions were prepared with Milli-Q water. Silica
gel 60 (70e230 mesh, Merck) was used for column chromatography. Analytical thin-layer chromatography (TLC) was performed
using F254 silica gel (precoated sheets, 0.2 mm thick) (Lawrence,
KS). 1H and 13C NMR spectra were recorded on a Varian 400 spectrometer; chemical shifts are expressed in ppm relative to TMS
(0.0 ppm). Matrix-assisted laser desorption/ionization (MALDI)
mass spectra were acquired on an Applied Biosystems Voyager6115 mass spectrometer. Optical rotation data were collected on a
APIV-6W Rudolph Research automatic polarimeter. Radiolabeled
conjugates were puriﬁed by Light C-18 Sep-Pak cartridges (Waters,
Milford, MA).
Bulk solvents were removed by rotary evaporator under
reduced pressure, and trace solvents were removed by vacuum
pump. 1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (CB-cyclam) was
synthesized according to a published procedure [27]. 64Cu(II) in
0.1 M HCl was purchased from either Washington University School
of Medicine in St. Louis or the University of Wisconsin at Madison.
5.2. High performance liquid chromatography (HPLC) methods
HPLC separation was performed on a Waters 600 Multisolvent
Delivery System equipped with a Waters 2996 Photodiode Array
detector. The mobile phase consisted of H2O with 0.1% TFA (solvent
A) and acetonitrile with 0.1% TFA (solvent B). The analytical HPLC
was performed on an XTerra RP18 column (150  4.6 mm) with a
gradient of 0% B to 100% B in 50 min at the ﬂow rate of 1.0 mL/min.
The HPLC separation was performed on a semi-preparative XTerra
RP18 Column (250  10 mm) with a gradient of 0% B to 100% B in
50 min at the ﬂow rate of 4.0 mL/min.

5.5. Mouse PET/CT imaging
The imaging studies were performed on a Siemens Inveon
Multimodality PET/CT system once the tumor size reached the
range of 50e150 mm3 (tumor volume ¼ ½ (length  width2)). One
hour prior to imaging, each mouse bearing PC-3 tumor was injected
with 100e125 mCi of a 64Cu labeled conjugate in 100 mL of saline via
the tail vein. Ten minutes prior to imaging, the animals were
anesthetized using 3% isoﬂuorane at room temperature until stable
vitals were established. Once the animal was sedated, it was placed
onto the imaging bed under 2% isoﬂuorane anesthesia for the
duration of imaging data requisition. At each time point (1 h, 4 h,
and 24 h) post-injection (p.i.), a CT scan was performed (8 min),
followed immediately by a static PET scan (15 min). The CT imaging
was acquired at 80 kV and 500 mA with a focal spot of 58 mm. The
total rotation of the gantry was 360 with 360 rotation steps obtained at an exposure time of approximately 180 ms/frame. The
images were attained using CCD readout of 4096  3098 with a
binning factor of four and an average frame of one. Under low
magniﬁcation the effective pixel size was 103.03 mm. The CT images
were reconstructed with a down sample factor of two using Cobra
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Reconstruction Software. PET images were reconstructed using
Fourier Rebinning and Ordered Subsets Expectation Maximization
3D (OSEM3D) algorithm. Reconstructed CT and PET images were
fused and analyzed using the manufacturer’s software. For quantiﬁcation, regions of interest were placed in the areas expressing
the highest 64Cu-labeled conjugate activity as determined by PET
and visually guided by CT images. The tissues examined include the
tumor, heart, liver, lung, kidney, and muscle. The resulting quantitative data were expressed in percentage of the injected dose in per
gram of the tissue (%ID/g) on the assumption that the density of the
tissue is 1 g/cm3.

5.6.4. Synthesis of 5-benzyl 1-(tert-butyl) (S)-2hydroxypentanedioate (S-5)
S-4 (2.0 g, 9.8 mmol) was suspended in DMF (15 mL), to which
was added benzyl bromide (1.67 g, 9.8 mmol). After stirred for 8 h,
the mixture was poured into ice water (20 mL) and extracted with
EtOAc (3  25 mL). The combined organic layer was dried over
Na2SO4 and concentrated under reduced pressure. The residue was
puriﬁed by column chromatography (silica gel, gravity) using
hexane and EtOAc:hexanes (1:4) to give S-5 as a white solid (1.5 g,
52%) . 1H NMR (400 MHz, CDCl3) d 7.35 (m, 5H), 5.13 (s, 2H), 4.08 (bs,
1H), 2.88 (bs, 1H), 2.59e2.44 (m, 2H),2.17 (m, 2H), 1.91 (m, 1H), 1.48
(s, 9H). 13C NMR (100 MHz, CDCl3) d 173.9, 173.0, 135.9, 128.5, 128.2,
128.1, 82.8, 69.6, 66.3, 29.7, 29.4, 28.0.

5.6. Synthesis
5.6.1. Synthesis of (S)-5-oxotetrahydrofuran-2-carboxylic acid (S-2)
L-glutamic acid (30.0 g, 200 mmol) was suspended in a water/
dioxane mixture (75/25 mL) and stirred at 0  C for 30 min. The
white slurry became clear after 40 mL of concentrated HCl (37%)
was added, followed by drop-wise addition of a solution of NaNO2
(21.0 g, 300 mmol) in 50 mL of water. The reaction temperature was
maintained around 0  C during the 4 h of addition. The reaction
mixture was then left stirring at room temperature for 20 h. Upon
completion, the solvent was evaporated under reduced pressure to
provide a white solid, which was then treated with EtOAc (300 mL)
and Na2SO4 for 30 min. The solution was ﬁltered and the solvent
was evaporated to yield S-2 as a white solid (21.50 g, 78%). 1H NMR
(400 MHz, CDCl3) d 11.08 (bs, 1H), 5.01 (m, 1H), 2.71e2.55 (m, 3H),
2.45e2.37 (m, 1H); 13C NMR (100 MHz, CDCl3) d 176.8, 174.5, 75.4,
26.8, 25.7.

5.6.2. Synthesis of tert-butyl (S)-5-oxotetrahydrofuran-2carboxylate (S-3)
In a solution of S-2 (10.0 g, 77 mmol) in CH2Cl2 (240 mL), tbutanol (8 mL, 84 mmol) and 4-dimethylaminopyridine (DMAP,
3.75 g, 31 mmol) were added and the reaction mixture was cooled
to 0  C. To this solution, N, N-dicyclohexylcarbodiimide (DCC, 16.2 g,
84.5 mmol) in CH2Cl2 (80 mL) was added dropwise. The reaction
was stirred at room temperature overnight and upon completion
the solvent was removed under reduced pressure. The residue was
puriﬁed by column chromatography (silica gel, gravity) using
hexane (250 mL) and EtOAc:hexane (1:4) to give S-3 as white solid
(7.0 g, 55%) : 1H NMR (400 MHz, CDCl3) d 4.79 (m, 1H), 2.65e2.44
(m, 3H), 2.24 (m, 1H), 1.48 (s, 9H) ppm; 13C NMR (100 MHz, CDCl3)
d 176.2, 169.0, 83.1, 76.2, 27.9, 26.8, 25.8 ppm.

5.6.3. Synthesis of potassium (S)-5-(tert-butoxy)-4-hydroxy-5oxopentanoate (S-4)
Compound S-3 (5.0 g, 30 mmol) was dissolved in THF (60 mL),
and cooled to 0  C. To this mixture, 1 N KOH (aqueous, 66 mL) was
added dropwise. The resulting mixture was stirred at room temperature over 4 h and upon completion the solvent was evaporated
to give S-4 as white solid. Compound S-4 was directly used for the
synthesis of S-5. However, for characterization of the compound, a
sample of S-4 was converted to its acid using 3 N hydrochloric acid.
The acidiﬁed aqueous layer was then extracted with EtOAc
(3  30 mL). The organic layers were combined and dried over
anhydrous MgSO4 and concentrated. The residue was puriﬁed by
column chromatography (silica gel, gravity) using hexane (100 mL)
and EtOAc:hexane (1:3) to yield the acid form of S-4 as a white solid
(3.0 g, 60%) : 1H NMR (400 MHz, CDCl3) d 4.10 (m, 1H), 2.57e2.41
(m, 2H), 2.16e2.07 (m, 1H), 1.92e1.83 (m, 1H), 1.47 (s, 9H); 13C NMR
(100 MHz, CDCl3) d 178.6, 173.9, 82.8, 69.5, 29.4, 29.0, 27.8.

5.6.5. Synthesis of 5-benzyl 1-(tert-butyl) (S)-2-((methylsulfonyl)
oxy)pentadioate (S-6)
Methanesulfonyl chloride (0.42 g, 3.7 mmol) was added to a
mixture of S-5 (1.0 g, 3.4 mmol) and Et3N (0.47 g, 4.7 mmol) in
CH2Cl2 (25 mL) at 0e5  C. After the addition was completed, the
mixture was warmed to room temperature and stirred for 2 h. Upon
completion, water (10 mL) was added, the organic phase was
separated and washed with brine (3  10 mL), dried over Na2SO4
and concentrated to give S-6 (0.7 g, 60%). 1H NMR (400 MHz, CDCl3)
d 7.36 (m, 5H), 5.14 (s, 2H), 4.98 (m, 1H), 3.11 (s, 3H), 2.55 (m, 2H),
2.30 (m, 1H), 1.49 (s, 9H). 13C NMR (100 MHz, CDCl3) d 171.8, 167.4,
135.5, 128.5, 128.2, 128.2, 83.5, 76.6, 66.5, 38.9, 29.3, 27.8, 27.0.
The synthesis of 5-benzyl 1-(tert-butyl) (R)-2-((methylsulfonyl)
oxy)pentadioate (R-6) was accomplished in the same way as above
from D-glutamic acid.
5.6.6. Synthesis of compound RR-7
Compound S-6 (500 mg, 1.3 mmol) was added to a suspension of
cross-bridge cyclam (150 mg, 0.6 mmol) and K2CO3 (0.10 g) in
anhydrous acetonitrile (50 mL). The reaction was stirred at room
temperature for 24 h and then for another 24 h at 50  C. The reaction mixture was ﬁltered and the solid was washed twice with
chloroform (2  20 mL). The combined ﬁltrates were concentrated
under reduced pressure and puriﬁed by column chromatography
(silica gel, 60e230 mesh) using 10:1 CHCl3/MeOH to 9:1 EtOAc/
isopropylamine to yield RR-7 as viscous oil (250 mg; Yield: 52%):
MALDI-TOF/MS [Mþ]: calc’: 778.49; found: 778.59.
5.6.7. Synthesis of compound RR-H21
To a solution of RR-7 (13 mg, 16.7 mmol) in 0.5 mL of 2-propanol
was added portion wise 10 mg of 10% Pd/C. The suspension was
shaken in a hydrogenator (Parr, Moline, Illionis) at room temperature for 12 h under an H2 atmosphere (60 psi). After removal of the
solids, evaporation of the solvent afforded compound RR-8 as a
white foam in nearly quantitative yield. A mixture of compound RR8 (10.0 mg, 16.7 mmol), N-hydroxysuccinimide (7.6 mg, 66.8 mmol)
and EDC$HCl (12.8 mg, 66.8 mmol) in 500 mL of dry acetonitrile
(MeCN) was stirred under N2 for overnight. The solvent was
removed under reduced pressure and the residue was redissolved
in CHCl3 (1 mL) and then washed with water promptly three times
(3  2 mL). CHCl3 was evaporated under reduced pressure, the
residue was frozen by liquid nitrogen and the remaining water was
removed by a freeze dryer to give a pale yellow solid in quantitative
yield. The activated ester was used directly for the next reaction
without further puriﬁcation. Cyclic Arg-Gly-Asp-D-Tyr-Lys
[c(RGDyK)] (10 mg, 16 mmol) was mixed with the activated ester
(2.4 mg, 4 mmol) in 200 mL of anhydrous DMF. To this solution, 30 mL
of N, N-diisopropylethylamine (DIPEA) were added. The mixture
was stirred at room temperature for 24 h under N2. Upon
completion, the solvent was evaporated under reduced pressure
and the crude product was puriﬁed by HPLC. The collected fractions
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were combined and lyophilized to yield the t-butyl protected
product, which was then dissolved in 95% TFA and stirred at room
temperature for 12 h. After evaporation of the solvent, the residue
was puriﬁed by semi-preparative reverse-phase HPLC. The
collected fractions from multiple runs were collected and lyophilized to afford RR-H21 as white solid at quantitative yield. MALDITOF/MS [MþHþ]: calc’d: 1689.87; found: 1690.67.

[5]
[6]
[7]
[8]

5.6.8. Synthesis of compound SS-H21
Compound SS-H21 was synthesized in a similar manner starting
from CB-Cyclam and R-6. MALDI-TOF/MS [MþHþ]: calc’d: 1689.87;
found: 1690.67.
5.7. Radiolabeling of rac-H2-1, RR-H2-1, RS-H2-1, and SS-H2-1 with
64
Cu
To a 1.5 mL vial containing 5 mg of respective conjugate in 200 mL
of 0.4 M NH4OAc (pH ¼ 6.5) solution, 2e3 mCi of 64Cu(II) in 0.1 M
HCl were added. The reaction mixture was shaken and incubated at
75  C for 0.5 h. Then, 5 mL of 5 mM diethylenetriaminepentaacetic
acid (DTPA) was added into the reaction mixture and allowed to
incubate for another 5 min. After incubation, puriﬁcation of 64Culabeled conjugate was carried out by passing the mixture through a
preconditioned Sep-Pak C-18 light cartridge. After thorough rinsing
(3  3 mL water) of the cartridge, the 64Cu-labeled conjugate was
eluted by an ethanol-water mixture (70:30). Radio-TLC analysis
was performed on a Rita Star Radioisotope TLC Analyzer (Straubenhardt, Germany) to monitor the radiolabeling efﬁciency via ITLC
paper, developed by 10 mM PBS. High performance liquid chromatography (HPLC) analysis was conducted to determine radiochemical purity of the products on a Waters 600 Multisolvent
Delivery System equipped with a Waters 2996 Photodiode Array
(PDA) detector and an in-line Shell Jr. 2000 radio-detector (Fredericksburg, VA) on a Waters Xtera column (150  4.6 mm, 5 mm).
The gradient mobile phase started with 100% A (0.1% TFA in H2O) to
50% B (0.1% TFA in MeCN) and 50% A at 25 min with a ﬂow rate of
1 mL/min.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

5.8. Statistical analysis
[19]

Quantitative data were expressed as the mean  SD. Unpaired t
test (two-tailed, conﬁdence intervals: 95%) was performed using
GraphPad Prism. P values of <0.05 were considered statistically
signiﬁcant.
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ABSTRACT: We report a click-chemistry based modular strategy for antibody labeling
with 64Cu (t1/2 = 12.7 h; β+ 0.656 MeV, 17.4%; β− 0.573 MeV, 39%; EC 43%) under
ambient condition utilizing a cross-bridged tetraazamacrocyclic (CB-TE2A) analogue,
which otherwise requires harsh conditions that make the CB-TE2A analogues underutilized for protein labeling despite the fact that they form kinetically inert copper
complexes with high in vivo stability. Our strategy involves prelabeling a CB-TE2A based
scaﬀold (CB-TE2A-1C) with 64Cu and its subsequent reaction with an antibody via the
tetrazine-norbornene mediated click chemistry. The eﬀectiveness of this strategy was
demonstrated by labeling two monoclonal antibodies, an anti-PSMA antibody (YPSMA1) and a chimeric anti-phosphatidylserine antibody (Bavituximab). The immunoreactivity of the antibodies remained unchanged after the tetrazine modiﬁcation and clickchemistry 64Cu labeling. To further demonstrate the practicality of the modular 64Cu
labeling strategy, we tested positron emission tomography (PET) imaging of tumor with
the 64Cu-labeled bavituximab in a mouse xenograft model. The tumor visualization and uptake of the labeled antibody exhibited
the versatility of the click-chemistry strategy.

■

INTRODUCTION
Copper-64 (t1/2 = 12.7 h; β+ 0.656 MeV, 17.4%; β− 0.573 MeV,
39%; EC 43%) has been investigated for use in monoclonal
antibodies (mAb) based radiopharmaceuticals1−4 for both
positron emission tomography (PET) imaging and radiotherapy.2,5−7 The half-life of 64Cu (t1/2 = 12.7 h) enables an
imaging procedure up to 48 h after administration, which
accommodates the in vivo distribution and target localization of
mAbs. Recently, the concept of using the same radiopharmaceutical constructs for both imaging and therapy has
made 64Cu an attractive radioisotope for the development of
theranostic agents.3,8
A major step toward the development of 64Cu based
radiopharmaceuticals is the identiﬁcation of bifunctional
chelator (BFC) ligands that can stably complex 64Cu2+ under
physiological conditions.5,9,10 Most of the currently available
BFCs used for this purpose are not ideal because of their poor
in vivo stability or the harsh conditions required for eﬃcient
incorporation of 64Cu. One of the most widely used
bifunctional chelators in radiopharmaceuticals, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), has been
extensively exploited for 64Cu labeling of biomolecules
including antibodies and peptides (Figure 1). However, 64Cu
labeled DOTA bioconjugates are only moderately stable under
in vivo conditions, undergoing demetalation subsequently
causing high liver accumulation.1,11−19 Copper complexes
with improved stability have been reported. Hexaazamacrobicyclic cage-type ligands, based upon the sepulchrate or
sarcophagine cage motifs, have been eﬃciently radiolabeled
© 2015 American Chemical Society

Figure 1. Bifunctional chelators for copper radiopharmaceuticals.

under mild conditions and have been shown to possess high in
vivo stability (Figure 1).4,20,21 However, the yield of antibody
conjugation with these chelators is often low because of side
reactions including protein cross-linking caused by the use of 1ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC).22
Moreover, copper complexes of these ligands carry a net
positive charge, which leads to high hepatic uptake and slow
kidney clearance.23−25 Derivatives of 1,4,7-triazacyclononane1,4,7-triacetic acid (NOTA)26,27 and cross-bridged 4,11-bisReceived: February 17, 2015
Revised: March 7, 2015
Published: March 11, 2015
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between a tetrazine moiety and a strained alkene dienophile.35−37 The labeling is accomplished in a two-step
procedure in which a tetrazine-modiﬁed antibody is reacted
with a 64Cu-labeled chelator-modiﬁed strained alkene. Depicted
in Scheme 1 and Figure 3, the synthetic route to the

(carboxymethyl)-1,4,8,11-tetraaza-bicyclo[6.6.2]hexadecane
(CB-TE2A)19,20 form negative or neutral complexes with
Cu(II) and demonstrate high in vivo stability (Figure 1). In
fact, the latter forms one of the most stable complexes with
64
Cu(II)28 and the Cu(II)-CB-TE2A complex is more resistant
to the reductive metal loss than any other known
tetramacrocyclic complexes.29 However, CB-TE2A and its
analogues require harsh reaction conditions such as elevated
temperature for 64Cu labeling, which makes them unsuitable for
use in antibody labeling (Figure 2). Recently, attempts have

Scheme 1. Derivatization of Tetrazine and Norbornene with
Functionalized Spacers

Figure 2. Click chemistry strategy for 64Cu-labeling of antibodies using
a cross-bridged tetraazamacrocyclic analogue (CB-TE2A-1C).

been made to develop CB-TE2A based chelators for 64Cu
labeling at room temperature. For instance, a CB-TE2A variant
with two phosphonate arms, which could be radiolabeled with
64
Cu at room temperature, was communicated.30 However,
conjugation of the phosphonate group to primary amine side
chains of peptides and antibodies proved challenging. Recently,
a new cross-bridged cyclam chelator, CB-TE1K1P (Figure 1),
which could be labeled with 64Cu under mild conditions, was
reported.31 In vivo imaging of epidermal growth-factor receptor
(EGFR) using the same chelator has also been reported.32
Though TE1K1P is an excellent chelator for antibody labeling,
it carries an extra negative charge under the physiological pH,
which may alter the pharmacokinetics of the antibody. More
recently, click chemistry via Cu(I)-catalyzed azide−alkyne
cycloaddition has been used to conjugate peptides with the
cross-bridged tetraazamacrocyclic chelating core for 64Cu
labeling.33,34 However, the chelating core forms a positively
charged Cu(II) complex, which is suboptimal for the
preservation of in vivo behavior of the targeting molecules.
In this work, we describe a modular strategy for the
construction of 64Cu labeled antibodies utilizing the chemical
inertness of Cu(II)-CB-TE2A-1C, a neutral moiety, without
exposing antibodies to elevated temperature, thereby better
preserving the immunoreactivity of the antibody (Figure 2).

Figure 3. Tetrazine conjugation to antibody and subsequent labeling
through click reaction.

construction of radiolabeled antibodies involves four steps:
(1) preparation of a stock of tetrazine-modiﬁed antibody via
carbodiimide coupling followed by checking the immunoreactivity of the tetrazine modiﬁed antibody by immunohistochemistry; (2) creation of a stock of strained alkene-modiﬁed
chelator via carbodiimide coupling; (3) radiolabeling of the
strained alkene-modiﬁed chelator; and (4) construction of the
desired radiolabeled antibody by the click reaction between the
alkene and tetrazine moieties.
Similar prelabeling strategies involving ligations of dienophiles with tetrazines have already been employed with
success for radiochemistry with 18F, 111In, and 64Cu.38−41 It
should be noted that copper catalyzed click reaction, though
synthetically less challenging, was not employed due to the
concern on the possible interference of cold copper (catalyst)
with 64Cu labeling.
To test our modular strategy, we chose two antibodies. The
ﬁrst one was anti-PSMA (prostate-speciﬁc membrane antigen)
antibody YPSMA-1 (YPSMA), which has high binding
speciﬁcity to PSMA in prostate cancer but little or no crossreactivity to benign prostate hyperplasia or to normal prostatic

■

RESULTS AND DISCUSSION
This work was to develop a modular synthetic strategy to
readily label antibody conjugates with 64Cu through CB-TE2A1C under mild conditions. To achieve the goal, we employed a
“copperless click reaction” variant, which involves the reaction
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concentration, attention was paid to keep the volume of the
reaction to minimal (80−150 μL). The resultant mixture was
then incubated for 1−4 h at 37 °C. Of note, the volumes for
64
Cu-CB-EN to react with YPSMA-Tz and BAVI-Tz were kept
the same but the reaction time was diﬀerent as the respective
radiochemical yields were diﬀerent. This discrepancy may be
attributed to the use of diﬀerent antibodies, which may have
diﬀerent numbers of functional points for conjugation. As the
reaction mixture of labeled antibody contained unreacted 64CuCB-EN, it was puriﬁed using centrifugal ﬁlter units with a 10
000 Da molecular weight cutoﬀ. The radiochemical purity of
the ﬁnal radiolabeled antibody was assayed by size exclusion
radio-HPLC (high-performance liquid chromatography) and
found to be >99%.
Immunoreactivity Assay of YPSMA-Tz and 64CuYPSMA. Our modular click-chemistry strategy of antibody
labeling encompasses chemical modiﬁcation (tethering of
antibody with tetrazine) and radiolabeling (reaction of tetrazine
tethered antibody with CB-EN). To evaluate the eﬀect of
chemical modiﬁcation and radiolabeling on the immunoreativity of the antibody, several tests were carried out (Figure 4).

tissue. In vitro assays were performed on this antibody
conjugate to validate our method. The second one was
Bavituximab (BAVI), a phosphatidylserine (PS) targeting
antibody. It is currently under clinical trials in cancer patients
as an adjuvant to chemotherapy. In vivo PET imaging with
64
Cu-labeled BAVI (64Cu-BAVI) was conducted in a tumor
xenograft mouse model to further validate the potential use of
our click-chemistry startegy.
Chemical Synthesis. The synthetic route was designed
considering the stability of tetrazine (2) and norbornene (4).
Since tetrazine is sensitive to high temperature, it was used to
modify the antibody. Norbornene being stable at high
temperature was conjugated to CB-TE2A(tBu)-COOH as the
cross bridged scaﬀold requires harsh labeling conditions.
Compound 2 was successfully synthesized through the reaction
of commercially available reactants, 4-(aminomethyl)-benzonitrile hydrochloride, formamidine acetate, and elemental sulfur.
The resultant product, a dihydrotetrazine intermediate ((4(1,2-dihydro-1,2,4,5-tetrazin-3-yl)phenyl)methanamine) was
oxidized with sodium nitrite forming the aromatic tetrazine
product. To enable the tethering of the tetrazine moiety to an
antibody and to make 2 water-soluble, a tetraethylene glycol
(PEG-4) based linker was introduced (Scheme 1). The amino
group of 2 was converted to a carboxyl group via a PEG-4
prosthetic arm by conjugating 2 with a dicarboxylate spacer, 3,
via carbodiimide chemistry. To ensure a 1:1 stoichiometric
reaction, an excess amount of 3 (5 equiv) was used. The
carboxylate group of the resultant compound, Tz(OH), was
then activated via the formation of an NHS ester, Tz(NHS).
The carboxylic group of 5-norbornene-2-carboxylic acid (4)
was converted to an amino functionality by tethering it with NBoc-2,2′-(ethylene-dioxy)diethylamine prosthetic arm. The Boc
protection of the resultant compound was removed under the
treatment of TFA. The resultant product, EN-H, was
conjugated to CB-TE2A(tBu)-COOH, which was synthesized
per our published procedure42 via the carbodiimde coupling
reaction using EDC.
Antibody Modiﬁcation and Radiolabeling. Prior to
modiﬁcations, the antibodies, YPSMA and BAVI, were
subjected to a buﬀer exchange through Micro Bio-Spin
chromatography columns with a 6000 Da molecular weight
cutoﬀ and reconstituted in phosphate-buﬀered saline (PBS, pH
8.0). This step was necessary, as the antibodies were stored at
pH 7.4 mixed with additives such as sodium azide. At pH 7.4,
the rate of reaction between the antibody and Tz(NHS) is slow
as compared to the hydrolysis of activated acid. Reaction at the
slightly basic pH (pH = 8.0) ensures a fast and eﬃcient reaction
of Tz(NHS) with the lysine moieties of the antibody. The
reaction was incubated at room temperature for 6 h, followed
by centrifugal ﬁltration with a 10 000 Da molecular weight
cutoﬀ to purify the resultant antibody conjugate. This step
removes the unreacted Tz(NHS) and hydrolyzed small
molecule reactants. For prelabeling, CB-EN conjugate was
used, as norbornene derivatives are stable at high temperatures.
Prelabeling was realized by heating a solution of CB-EN and
64
Cu(II) in 0.4 M (pH = 6.5) NH4OAc buﬀer at 85 °C for 30
min. After labeling, the reaction mixture was puriﬁed via SepPak C-18 light cartridge. Since the eluted conjugate, 64Cu-CBEN, was in 80% ethanol, it was reconstituted in PBS buﬀer to
avoid denaturing the antibody. After reconstitution, the
resultant Tz-modiﬁed antibody (YPSMA-Tz or BAVI-Tz) was
mixed with 44.4 MBq of 64Cu-CB-EN. Since the rate and
eﬃciency of the above reaction heavily relies on the

Figure 4. Western blot results of PC3 and LNCaP cell and tumor
tissue extracts treated with unmodiﬁed YPSMA and tetrazine modiﬁed
YPSMA-Tz (a). Radioactivity measurement of 64Cu-YPSMA uptaken
by PC3 and LNCaP cells (b). Immunochemistry staining of PC3 and
LNCaP cell lines using YPSMA, YPSMA-Tz, and 64Cu- YPSMA (c).

Western blot was performed on membrane proteins obtained
from LNCaP and PC3 cell line and tumor tissues to see
whether the speciﬁc binding aﬃnity of YPSMA had been
compromised after the tetrazine modiﬁcation. As shown in
Figure 4a, no detectable signal was observed on PC3 lanes
conﬁrming the fact that PC3 cells did not have PSMA
expression. The LNCaP lanes showed that the immunoreactivity of the Tz-modiﬁed antibody was maintained through
the chemical modiﬁcation.
To further assess the eﬀects of chemical modiﬁcation and
radiolabeling on the immunoreactivity of YPSMA, 64CuYPSMA was incubated with PC3 and LNCaP cells. The
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xenografts were sectioned and doubly stained with anti-CD31
(red) and BAVI (green) as shown in Figure 6. LNCaP tumor

incubated cells were then thoroughly washed with buﬀer to
remove any nonspeciﬁc interaction before the cell bound
radioactivity was measured using a gamma counter. Shown in
Figure 4b, 64Cu-YPSMA displayed signiﬁcantly higher uptake in
the PSMA+ LNCaP cells than in the PSMA− PC3 cells, further
conﬁrming that the immunoreactivity was maintained through
the chemical modiﬁcation and labeling conditions. In addition,
we performed immunochemistry staining of PC3 and LNCaP
cell lines with unmodiﬁed YPSMA, tetrazine modiﬁed YPSMATz, and 64Cu-labeled YPSMA. Depicted in Figure 4c, the PSMA
expression stained with YPSMA, YPSMA-Tz, and 64Cu-YPSMA
is displayed in red and the cell nuclei stained in blue. Both
YPSMA-Tz and 64Cu-YPSMA showed the same level of
immune-staining of PSMA as YPSMA, while no meaningful
red staining occurred with PC3 cells. Taken together, these
results demonstrate that our modular click-chemistry strategy
of antibody modiﬁcation and radiolabeling had minimal or
negligible eﬀects on the immunoreactivity of the antibody.
It should be noted that YPSMA binds to the intracellular
domains of PSMA.43 Like ProstaScint, YPSMA may not be able
to be developed as an optimal imaging agent for noninvasive
assessment of PSMA in vivo.44 In addition, despite the fact that
our modular click-chemistry strategy was successfully applied to
YPSMA without compromising its immunoreactivity, the
overall 64Cu-labeling yield of YPSMA was low. Therefore, we
did not pursue further in vivo imaging with 64Cu-YPSMA after
we had proven the feasibility of our modular click-chemistry
strategy. Instead, we extended the application of our validated
strategy to a chimeric antiphosphatidylserine antibody, BAVI,
which was developed at our institution and is currently
undergoing clinical trials.45
Tumor Imaging with 64Cu-BAVI. In order to assess the in
vivo imaging proﬁle of 64Cu-BAVI prepared by our clickchemistry strategy, a PET/CT imaging study was performed in
a mouse model bearing LNCaP xenografts. As shown in Figure
5, the LNCaP tumor were clearly visualized with 64Cu-BAVI

Figure 6. Immunohistochemical staining of phosphatidylserine (PS)
expression in LNCaP tumor xenografts.

sections were stained by H&E (left), The merged images
(second column from the left) of tumor vasculatures stained by
anti-CD31 (red; third column from the left) and PS positive
tissues stained by BAVI (green; right) indicates a 29% ± 10%
(yellow) of prevalence in the whole tumor.
Although more comprehensive evaluations on the practicality
of using 64Cu-BAVI for phosphatidylserine imaging are
warranted (e.g., imaging under the condition of chemo-drug
or radiation induced apoptosis46), our proof of concept PET/
CT imaging study with 64Cu-BAVI demonstrated the feasibility
of our modular click-chemistry strategy for 64Cu-labeling of
antibodies using cross-bridged tetraazamacrocyclic chelators.

■

MATERIALS AND METHODS
All chemicals, unless otherwise noted, were acquired from
Sigma-Aldrich (St. Louis, MO) and used as received without
further puriﬁcation. All water used was ultrapure (Milli-Q,
Millipore, Billerica, MA) and passed through a 10 cm column
of Chelex resin (Bio-Rad Laboratories, Hercules, CA) before
use. DMSO was of molecular biology grade (>99.9%), 5norbornene-2-carboxylic acid, N-Boc-2,2′-(ethylenedioxy)diethylamine, 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride, triethylamine, and all other solvents were
of the highest grade commercially available. NMR (nuclear
magnetic resonance) spectroscopy was performed on a Bruker
400 MHz NMR. HPLC was performed using a Waters HPLC
equipped with a Waters Xterra Shield RP18 semiprep column
(250 × 10 mm, 10 μm) and read by a Waters 2996 photodiode
array detector and an in-line Shell Jr. 2000 radio-detector, using
a gradient of 0:100 MeCN/H2O (both with 0.1% TFA) to
100:0 MeCN/H2O within 50 min. The anti-PSMA antibody,
YPSMA, was purchased from Abcam (Cambridge, MA). BAVI
was obtained from Dr. Philip E. Thorpe’s laboratory at the
University of Texas Southwestern Medical Center. Copper-64
was purchased from Washington University in St. Louis, MO.
For accurate quantiﬁcation of radioactivity, experimental
samples were counted for 1 min on a calibrated PerkinElmer
(Waltham, MA) Automatic Wizard2 Gamma Counter. Matrixassisted laser desorption/ionization (MALDI) mass spectra
were acquired on an Applied Biosystems Voyager-6115 mass
spectrometer.
Compound 2. The synthesis was performed according to a
published procedure with modiﬁcations.36 In brief, 4-(aminomethyl)-benzonitrile hydrochloride (0.84 g, 0.005 mol),
formamidine acetate (2.08 g, 0.02 mol), and elemental sulfur
(0.16 g, 0.005 mol) were added to a dry, 50 mL round-bottom
ﬂask. Anhydrous hydrazine (2.0 mL) was then added to the

Figure 5. Representative PET/CT images of LNCaP tumor xenografts
with 64Cu-BAVI in a mouse model at 2, 16, 34, and 46 h p.i. Images are
shown by maximum intensity projection (MIP). The tumors are
indicated by white arrow.

after 2 h p.i. and a steady tumor retention of the radioactivity
was observed up to 46 h p.i. The quantitative analysis
performed on the images further revealed that the tumor
uptake levels were 3.4%, 3.2%, 3.1%, and 3.2% ID/g at 2, 16,
34, and 46 h, respectively. Due to the intrinsic nature of
radiolabeled antibodies, a substantial level of liver uptake was
also observed. However, the hepatic uptake showed a
decreasing trend from 38.4% ID/g at 2 h to 20.6% ID/g at
46 h.
Immunohistochemical Staining of PS. To validate the
PS-targeted tumor imaging of 64Cu-BAVI, the LNCaP tumor
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ﬂask, and the resultant orange reaction mixture was stirred for
20 h. After the allotted time, 1% HCl (aq) (50 mL) was slowly
added to the reaction mixture, and the resultant solution was
stirred for 10 min and subsequently ﬁltered through a medium
glass frit. The remaining orange solution was cooled in an ice
bath to 0 °C, and a solution of 1.7 g of NaNO2 in 15 mL of
water was then added dropwise to the reaction mixture. While
still cooling in an ice bath, acetic acid (50 mL) was added
slowly, and the reaction mixture immediately turned bright
pink. After allowing this solution to warm up to room
temperature over the course of 3 h, the solvent was evaporated
at 50 °C and 20 Torr on a rotary evaporator. The resultant red
crude solids were puriﬁed by ﬂash chromatography using a
gradient of MeOH (0.01% TFA)/CHCl3 (0.01% TFA) 30:70
after the removal of solvent, the pure product was obtained in
35% yield (0.33 g, 0. 1.80 mmol). 1H NMR (400 MHz, D2O):
δ = 10.46 (s, 1H), 8.54 (d, 2H), 7.77 (d, 2H), 4.41 (s, 2H). MS
(MALDI) m/z calcd. for C9H9N5: 187.1; found: 188.4 ([M +
H]+).
Compound Tz(OH). To a solution of amino terminated
tetrazine derivative 2 (0.10 g, 0.53 mmol) in DMF (2.0 mL)
was added the dicarboxylic acid derived from tetraethylene
glycol (3, 0.72 g, 2.13 mmol), 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride (101 mg, 0.53 mmol), and
triethylamine (0.05 g, 0.53 mmol). The resultant solution was
stirred for 12 h, ﬁltered, and the solvent evaporated. The crude
product was puriﬁed by ﬂash chromatography (ethyl acetate) to
give carboxylate carrying PEG-4 tetrazine derivative Tz(OH)
(0.08 g, 0.16 mmol, 30%) as a red liquid. 1H NMR (400 MHz,
CDCl3): δ = 10.21 (s, 1H), 10.08 (s, 1H), 8.35 (m, 1H), 7.71
(m, 1H), 7.36 (m, 1H), 4.97−4.08 (m, 4H), 4.08−3.00 (m,
16H), 2.84−2.59 (m, 2H), 2.31−2.56 (m, 2H). 13C NMR (100
MHz, CDCl3): δ = 174.1, 173.2, 166.7, 165.9, 157.7, 143.9,
130.33, 128.2, 70.4, 70.2, 70.0, 69.9, 66.9, 66.4, 65.4, 42.9, 36.3,
34.6, 31.9. MS (MALDI) m/z calcd. for C23H33N5O8: 507.2;
found: 530.7 ([M + Na]+).
Compound Tz(NHS). To a solution of PEG-4 tetrazine
derivative Tz(OH) (0.08 g, 0.16 mmol) in DMF (1.0 mL) was
added N-hydroxysuccinimide (0.15 g, 0.21 mmol) and 1-ethyl3-(3-(dimethylamino)propyl) carbodiimide hydrochloride
(0.04 g, 0.21 mmol). The resultant solution was stirred for
12 h, ﬁltered, and the solvent evaporated. The crude product
was puriﬁed by ﬂash chromatography (ethyl acetate) to give
NHS activated ester of PEG-4 tetrazine derivative Tz(NHS)
(0.04 g, 0.08 mmol, 50%) as a red solid. 1H NMR (400 MHz,
CDCl3): δ = 10.17 (s, 1H), 8.50 (m, 2H), 7.50 (m, 2H), 4.54
(m, 2H), 4.98−3.37 (m, 20H), 2.88−2.73 (m, 2H), 2.62 (s,
4H), 2.60−2.43 (m, 2H). 13C NMR (100 MHz, CDCl3): δ =
172.6, 172.2, 169.1, 166.2, 157.7, 144.3, 130.33, 128.4, 128.2,
70.4, 70.4, 70.1, 67.2, 66.5, 65.6, 51.7, 42.9, 36.7, 34.7, 32.06,
25.4. MS (MALDI) m/z calcd. for C27H36N6O10: 604.2; found:
627.4 ([M + Na]+).
Compound 5. To a solution of 5-norbornene-2-carboxylic
acid (4, 0.10 g, 0.72 mmol) in DMF (2.0 mL) was added the NBoc-2,2′-(ethylenedioxy)diethylamine (0.23 g, 0.92 mmol), 1ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride (0.14 g, 0.72 mmol), and triethylamine (0.07 g, 0.72 mmol).
The resultant solution was stirred for 12 h, and the solvent
evaporated. The crude product was puriﬁed by ﬂash
chromatography (ethyl acetate) to give a triethylene glycol
(PEG-3) modiﬁed norbornene derivative 5 (0.19 g, 0.50 mmol,
70%) as a colorless oil. 1H NMR (400 MHz, CDCl3): δ = 6.37
(s, 1H), 5.93 (m, 2H), 5.13 (s, 1H), 3.43 (m, 2H), 3.36 (m,

2H), 3.27 (m, 2H), 3.11 (m, 2H), 2.72 (m, 2H), 1.85 (m, 1H),
1.73 (m, 1H), 1.56 (m, 1H), 1.25 (s, 9H), 1.11 (m, 2H). 13C
NMR (100 MHz, CDCl3): δ = 175.7, 155.9, 137.9, 135.9, 78.9,
70.1, 70.0, 69.8, 47.1, 46.1, 41.4, 40.1, 39.1, 28.26. MS
(MALDI) m/z calcd. for C19H32N2O5: 368.2; found: 369.3 ([M
+ H]+).
Compound EN-H. The solution of PEG-3 norbornene
derivative (5, 0.19 g, 0.50 mmol) was stirred with TFA (2.0
mL) for 4 h. After deprotection, the solvent was evaporated and
the product was puriﬁed by ﬂash chromatography (ethyl
acetate) to give EN-H (0.12 g, 0.44 mmol, 88%) as a colorless
vicious liquid. 1H NMR (400 MHz, CDCl3): δ = 6.95 (s, 1H),
6.08 (m, 1H), 6.04 (m, 1H), 3.82−3.48 (m, 7H), 3.41 (m, 2H),
3.20 (m, 2H), 2.86 (m, 2H), 2.43 (m, 1H), 2.11 (m, 1H), 1.73
(m, 1H), 1.50 (m, 1H), 1.32 (m, 1H). 13C NMR (100 MHz,
CDCl3): δ = 178.8, 137.9, 135.6, 69.9, 69.8, 66.1, 46.7, 44.4,
41.4, 39.9, 39.6, 30.5. MS (MALDI) m/z calcd. for
C14H24N2O3: 268.2; found: 269.3 ([M + H]+).
Compound CB-EN. To a solution of PEG-3 norbornene
derivative (EN-H, 0.12 g, 0.43 mmol) in DMF (2.0 mL) was
added protected cross-bridged chelator (CB-TE2A(tBu)COOH, 0.19 g, 0.36 mmol), 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride (0.07 g, 0.36 mmol), and
triethylamine (0.04 g, 0.36 mmol). The resultant solution was
stirred for 12 h, ﬁltered, and the solvent evaporated. The crude
protected product was puriﬁed by HPLC (0.11 g, 0.14 mmol,
40%) as a white solid. 1H NMR (400 MHz, CDCl3): δ = 9.09
(m, 2H), 6.08 (m, 2H), 3.95−3.45 (m, 10H), 3.48−3.00 (m,
12H), 2.97−2.54 (m, 10H), 2.52−2.19 (m, 4H), 2.15−1.65 (m,
10H), 1.58−1.33 (m, 15H), 1.33−1.05 (m, 4H). 13C NMR
(100 MHz, CDCl3): δ 176.1, 175.9, 138.2, 136.1, 82.5, 81.9,
70.3, 70.1, 70.0, 68.7, 62.4, 56.2, 55.9, 51.1, 47.9, 47.2, 46.3,
44.6, 44.4, 41.5, 39.6, 39.2, 32.9, 30.4, 28.1, 25.2. MS (MALDI)
m/z calcd. for C41H72N6O8: 776.5; found: 799.5 ([M + Na]+).
The protected product was mixed with TFA (2.0 mL) and the
solution was stirred for 12 h. After the reaction, the solvent was
evaporated and the product was puriﬁed by HPLC to give CBEN (0.08 g, 0.13 mmol, 90%) as a red viscous liquid. 1H NMR
(400 MHz, CDCl3): δ = 6.13 (m, 2H), 3.96−3.49 (m, 12H),
3.49−2.97 (m, 13H), 2.97−2.70 (m, 5H), 2.70−2.31 (m, 3H),
2.31−1.91 (m, 5H), 1.91−1.61 (m, 3H), 1.61−1.43 (m, 2H),
1.43−1.25 (m, 2H),1.03 (s 1H). 13C NMR (100 MHz, CDCl3):
δ 179.9, 175.4, 141.9, 139.9, 73.9, 73.6, 72.7, 61.3, 54.1, 51.0,
50.0, 48.1, 46.6, 45.4, 43.4, 42.9, 36.3, 34.2, 31.7, 31.2, 26.9. MS
(MALDI) m/z calcd. for C33H56N6O8: 664.4; found: 665.8 ([M
+ H]+).
Modiﬁcation of YPSMA with Tetrazine (YPSMA-Tz). A
100 μL solution of the antibody (1.0 mg/mL) was subjected to
a buﬀer exchange by using Micro Bio-Spin chromatography
columns (Bio-Rad Laboratories) with a 6000 Da molecular
weight cutoﬀ. After centrifugation, the antibody was reconstituted with (PBS, 1×, pH 8.0). To the resulting solution was
added 50 equiv of the NHS activated tetrazine derivative,
Tz(NHS), in 10 μL of PBS, pH 7.4. The reaction was incubated
at room temperature for 6 h, followed by centrifugal ﬁltration
with a 10 000 Da molecular weight cutoﬀ to purify the resultant
antibody conjugate, YPSMA-Tz. The puriﬁed antibody
conjugate was reconstituted with 100 μL PBS, pH 7.4, and
used directly for further reaction.
Modiﬁcation of BAVI with Tetrazine (BAVI-Tz). A 90 μL
solution of the antibody (18.5 mg/mL) was subjected to a
buﬀer exchange by using Micro Bio-Spin chromatography
columns (Bio-Rad Laboratories) with a 6000 Da molecular
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PSMA− PC3, was added to a 24 well plate containing gelatincoated coverslips. When the cells reached the desired density,
the culture media were removed from each well and washed
twice with PBS. A volume of 200 μL of 4% formaldehyde ﬁxing
solution was added to each well, and incubated for 20 min at
room temperature. Each well was washed twice with PBS. The
solution of 200 μL of the primary antibody YPSMA, diluted in
a ratio of 1:500, 1:250 YPSMA-Tz, or 1:125 64Cu-YPSMA
(64Cu-YPSMA, the labeled antibody was stored for 64 h at 4 °C
and tests were performed when the radioactivity was decayed)
at 4 °C for 4 h. The goat anti-mouse tagged with Texas red
(abcam) was then added to the plate stored at room
temperature for 1 h. Each well was then rinsed twice with
400 μL of wash buﬀer. A diluted solution of (1:200; 200 μL)
Alexa Fluor 488 Phalloidin (Invitrogen) was then added to each
well, and incubated for 20 min at room temperature. After two
rinsings (once with PBS and once with water), the coverslips
were removed from the wells and excess water was carefully
blotted out. One drop of ProLong Gold antifade reagent (Life
Technologies) was then added along with DAPI (4′,6diamidino-2-phenylindole, Invitrogen) onto the microscope
slide per coverslip. The glass coverslip was placed on the slide
and the edges sealed with nail polish. The slides were visualized
using Zeiss AxioObserver Epiﬂuorescence Microscope using
ﬁlter sets appropriate for the label used under 63× objective oil
lens.
Western Blot Analysis. Protein from PC3 and LNCaP
cells and tumor tissue were extracted by standard methods.
Western blots were performed with 30 μg of total protein and
transferred to PVDF membrane, blocked by 5% skim milk and
probed using YPSMA primary antibody (ab19071, Abcam)
(1:500) and modiﬁed YPSMA-Tz (1:250) and anti-Actin
antibody (1:5000, Sigma) 4 °C overnight. Following incubation
with HRP-labeled secondary antibody (GE Life Sciences,
1:1000) 1 h, immunoblots were visualized by ECL Plus
(Millipore) and the target bands were recorded on X-ray ﬁlm.
Actin protein levels were used as a control to verify equal
protein loading.
Cell Uptake Assay. The cell uptake of 64Cu-YPSMA was
measured using the PSMA+ LNCaP and PSMA− PC3 cells. The
cells were washed with PBS buﬀer following by RPMI 1640
medium without FBS, and then resuspended in RPMI 1640
medium without FBS at the concentration of 2 × 106 cells/mL.
The cell suspension was then dispensed into 1.5 mL eppendorf
tubes (1 × 106 cells per tube), to each of which was added
approximately 12 000 cpm of 64Cu-YPSMA in 0.02 mL of PBS
buﬀer. After the cells were incubated at room temperature for
60 min (n = 5), the cell suspension was centrifuged and the
supernatant from each vial was stored separately. Each pellet
was resuspended in 0.5 mL of ice-cold PBS buﬀer. To remove
the unbound 64Cu-YPSMA, the above procedure was repeated
ﬁve times. The combined supernatant solutions and the
remaining cell pellet from each tube were counted with a γcounter to determine the cell bound 64Cu-YPSMA level.
Phosphatidylserine (PS) Expression in LNCaP Tumors
Measured by Immunohistochemical Staining. SCID/
Nude male mice bearing LNCaP tumors were injected
intravenously (i.v.) with 100 μg of BAVI and allowed to
circulate for 2 h. Anesthetized mice were then perfused by
transcardial perfusion with heparinized normal saline followed
immediately by 4% paraformaldehyde (PFA) in PBS (pH 7.4)
at a rate of 90 mL/h using a syringe pump. The tumors were
then excised and dissected. All tumor pieces were placed in 4%

weight cutoﬀ. After centrifugation, the antibody was reconstituted in PBS, pH 8.0. To the resultant antibody was added 50
equiv of the NHS activated tetrazine derivative, Tz(NHS), in
10 μL of PBS, pH 7.4. The reaction was incubated at room
temperature for 6 h, followed by centrifugal ﬁltration with a 10
000 Da molecular weight cutoﬀ to purify the resultant antibody
conjugate, BAVI-Tz.
Prelabeling of CB-EN with 64Cu (64Cu-CB-EN). To a 0.5
mL eppendorf tube containing 2.2 μg of conjugate CB-EN in
40 μL of 0.6 M NH4OAc buﬀer was added 70.3 MBq of
64
CuCl2 solution. The reaction mixture was shaken and
incubated at 85 °C for 30 min. To remove the nonspeciﬁcally
bound and free 64CuCl2 from the 64Cu-labeled conjugate, 2 μL
of 5 mM diethylene triamine pentaacetic acid (DTPA) was
added to the reaction mixture. The mixture was allowed to
incubate for 5 min followed by passing the mixture through a
preconditioned Sep-Pak C-18 light cartridge. The cartridge was
rinsed thoroughly with water (5 mL) followed by elution of
64
Cu-labeled norbornene conjugate (64Cu-CB-EN) by 0.5 mL
of ethanol/10 mM PBS mixture (80:20). The elute yielded 48.1
MBq of 64Cu-labeled product. The product was analyzed by
radio-HPLC to determine the radiochemical yield and purity.
The eluted product was dried under stream of nitrogen at 50
°C and then reconstituted in 10 mM PBS solution (50 μL).
64
Cu Labeling of YPSMA (64Cu-YPSMA). To the
previously puriﬁed antibody tethered with tetrazine (YPSMATz, 100 μL) was added 64Cu-labeled norbornene conjugate
(CB-EN, 44.4 MBq). The mixture was incubated at 37 °C for 4
h. The resulting mixture was then puriﬁed by centrifugal
ﬁltration with a 10 000 molecular weight cutoﬀ to give 2220
KBq of labeled antibody, 64Cu-YPSMA. The radiochemical
purity of the ﬁnal radiolabeled bioconjugate was assayed by
radio-HPLC ﬁtted with size exclusion column (BioSuite SEC
Column, 125 Å, 10 μm, 7.5 mm × 300 mm) and was found to
be >99%.
64
Cu Labeling of BAVI (64Cu-BAVI). To the puriﬁed
antibody tethered with tetrazine (BAVI-Tz, 30 μL) was added
64
Cu-labeled norbornene conjugate (CB-EN, 118.4 MBq). The
mixture was incubated at 37 °C for 1 h. The resulting mixture
was then puriﬁed by centrifugal ﬁltration with a 10 000
molecular weight cutoﬀ to give 22.9 MBq of labeled antibody,
64
Cu-BAVI. The radiochemical purity of the ﬁnal radiolabeled
bioconjugate was assayed by radio-FPLC ﬁtted with Superdex
200 Increase GL and was found to be >99%.
Small Animal PET/CT Imaging. Small animal PET/CT
imaging was performed on a Siemens Inveon PET/CT
Multimodality System in LNCaP tumor-bearing SCID mice
that had been intravenously injected with 17.2 MBq of 64CuBAVI via the tail vein. The mouse was sedated on the imaging
bed under 2% isoﬂurane for the duration of imaging.
Immediately after the CT data acquisition that was performed
at 80 kV and 500 μA with a focal spot of 58 μm, static PET
scans were conducted at the given time points post injection
(p.i.) (2, 16, 23, 34, and 46 h) for 15 min. Both CT and PET
images were reconstructed with manufacturer’s software.
Reconstructed CT and PET images were fused for quantitative
data analysis; regions of interest (ROIs) were drawn as guided
by CT and quantitatively expressed as percent injected dose per
gram of tissue (% ID/g).
Immunohistochemistry for YPSMA, YPSMA-Tz, and
64
Cu-YPSMA. A volume of 500 μL RPIM 1640 culture media
containing approximately 20 000 cells, either PSMA+ LNCaP or
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PFA at 4 °C overnight with continuous gentle agitation. All
tumor tissues were then transferred to PBS and equilibrated
overnight at 4 °C. Tissues for cryoembedding were transferred
to a 10% sucrose/PBS solution overnight at 4 °C and then
transferred to an 18% sucrose/PBS solution. After removed
from solution, tissues were blotted and submerged in optimal
cutting temperature (OCT) compound. Tissues in OCT were
then frozen rapidly by partial immersion in liquid N2 cooled
isopentane and stored at −80 °C until sectioning. Vascular
endothelium was stained using a rat anti-mouse CD31 antibody
(BD Biosciences, San Jose, CA) followed by Cy3-labeled goat
anti-rat IgG; BAVI-positive vessels were identiﬁed with
biotinylated goat anti-human IgG conjugated to Cy2-labeled
streptavidin. Fluorescent Images were captured using CarlZeiss
Axioscan (Carl Zeiss, Jena, Germany) (whole tumor and low
power) and Zeiss confocal microscope (Carl Zeiss, Jena,
Germany, high power, 40× oil lens) mounted on Elipse E600
ﬂuorescent microscope (Nikon, Melville, NY) and analyzed
with Zen software. Doubly labeled endothelial cells (CD31
positive/PS positive) were identiﬁed by yellow ﬂuorescence on
merged images. The percentage of doubly positive vessels was
calculated as follows: (mean number of yellow vessels per ﬁeld/
mean number of total vessels) × 100.
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Dendrimers are highly symmetric synthetic polymers
branched out from a central core, which have shown
great potential as carriers for drug delivery. Given the
chemistries that have been developed for the synthesis
of dendrimers, the size and chemical composition of a
dendrimer scaffold can be controlled to meet the specific
needs of an application with desirable pharmacokinetics
and biocompatibility. This chapter is intended to outline
the drug loading and release mechanisms of dendrimer
scaffolds that have been commonly used for controlled
delivery of chemotherapeutics. In addition, it briefly covers the newly emerged applications of using dendrimers
as nonviral vectors for gene therapy and delivery vehicles
for radioisotope-based therapy.
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Figure 10.1 Basic components of a dendrimer system: a central core, repeating
dendrons & peripheral functional groups.
Functional group

Dendron

Core

Background
The dendrimer chemistry was first introduced by Vögtle et al. in 1978 with
the development of ‘cascade molecular’. The term of ‘dendrimer’ was not
seen until 1985. It is a combination of two Greek words, dendron and meros,
which mean tree and part, respectively [1]. With three major components
representing a central core, repeating dendrons and peripheral functional
groups (Figure 10.1), dendrimers are often characterized as highly symmetric spheres featuring monodispersity and well-defined three-dimensional
structures as compared with their polymeric counterparts, and thus possessing definable multivalent functionality [2], which makes dendrimers an
appealing drug delivery system. The development of dendrimers to the current stage can be mainly attributed to the original work from the groups of
Denkewalter, Tomalia, Newkome and Fréchet [1].
Dendrimers are synthesized in a stepwise sequence leading to a higher
‘generation’. Each progressing generation of dendrimer exponentially adds
the functional groups to the previous generation and progressively shields
the interior functionalities. This progression bestows each generation
of the dendrimer molecules with different pharmacokinetic properties
(Figure 10.2). As such, the generation number can be judiciously controlled
so as to provide an ideal drug delivery platform. For example, different generations of the same dendrimer system can be selected to achieve the desired
in vivo pharmacokinetic requirements; shielded interior for drug loading
and peripheral functional groups, often in the form of amine or carboxylate, for conjugation with functional molecules in a multivalent format for
targeting or therapeutic efficacy enhancement. However, dendrimers such
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Figure 10.2 A tuneable dendrimer system for different pharmacokinetic behaviors.
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This unique feature is represented by a well-developed PAMAM−DTPA (Gd) system (G0−G9) MRI
contrast agents.
EPR: Enhanced permeability and retention; PAMAM: Poly(amidoamine) dendrimer; G: Generation;
DTPA: Diethylenetriaminepentaacetic acid; Gd: Gadolinium.
c American Chemical Society (2013).
Reproduced from [4] 

as polypropylenimine (PPI), Poly(amidoamine) (PAMAM) and poly-L-lysine
may induce cytotoxicity particularly due to the positive-charged or cationic
surfaces. Therefore, surface modifications such as PEGylation, acetylation,
carbohydrate and peptide conjugation have been used to improve the biocompatibility of positively charged dendrimers [3]. To enhance the specificity
in drug delivery, the peripheral functional groups have been extensively
exploited for the attachment of a variety of targeting vectors. In this eBook
chapter, we describe the potential of dendrimer systems for therapeutic
drug delivery with focus on the mechanisms of drug loading and releasing
and applications in gene therapy and boron neutron capture therapy (BNCT).

Advantages of using dendrimer scaﬀolds for drug delivery
A large number of highly potent pharmaceutics are limited in their clinical
applications due to their poor water solubility. In general, to solve this problem, these drugs are delivered in their intact forms by large volumes of aqueous vehicle or in conjunction with surfactants (e.g., Cremophor EL), or in a
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Table 10.1. Dendrimer scaffolds for delivery & controlled release of therapeutics.
Chemotherapeutic delivery
Drug
molecule

Dendrimer scaffold

Interaction Drug release

Ref.

5-FU

PDEA modified G3 PAMAM

EN

pH sensitive (PDEA coating)

[13]

Cisplatin

G3.5 PAMAM

C.C.

-

[34]

Biotinylated PAMAM

EN

-

[35]

PEG modified G4 PAMAM

C.C.

pH sensitive (cis-aconityl
linkage)

[36]

PEG modified G4 PAMAM

C.C.

pH sensitive (amide and
hydrazone bonds)

[37]

Famotidine

G5 PPI

EN

pH sensitive (protonation)

[10]

MTX

FA conjugated G5 PAMAM

C.C.

-

[9 ]

Nifedipine

G3 PAMAM with EDA core

EN

pH sensitive (protonation)

[11]

PTX

PEG modified G2 triazine

C.C.

pH sensitive (ester bond), redox [38]
sensitive (disulfide bond)

G5 PAMAM with EDA core

I.C.

[23]

C.C.

[39]

DOX

Gene delivery
IL-10

Boron neutron capture therapy (BNCT)
Boron

EGF-conjugated PAMAM

5-FU: 5-Fluorouracil; C.C.: Covalent conjugation; DOX: Doxorubicin; EDA: Ethylenediamine; EGF: Epidermal
growth factor; EN: Encapsulation; FA: Folic acid; I.C.: Ionic coordination; MTX: Methotrexate; PDEA: Poly(2(N,N-diethylamino)ethyl methacrylate); PPI: Polypropylenimine dendrimer; PTX: Paclitaxel.

modified form by attaching to prodrug platforms or water-soluble polymers.
However, these approaches may result in side effects, reduced therapeutic
efficacy or undesirable polydispersity [5]. With the availability of versatile
surface modification chemistries, dendrimer platforms have the potential
to enhance the water solubility and drug payload of these pharmaceutics by
a single dendrimer-drug construct. Table 10.1 summarizes chemotherapeutics that have been reported with dendrimer-facilitated delivery: Cisplatin,
5-Fluorouracil (5-FU), indomethacin (IND), Methotrexate (MTX), Paclitaxel
(PTX), Camptothecin (CPT), 10-hydroxycamptothecin (10HCPT), Primaquine
phosphate, Doxorubicin (DOX), Difunisal, Flurbiprofen, Ibuprofen and Ketoprofen.

Drug-loading on a dendrimer platform
There are two mechanisms to load the pharmaceutics onto dendrimer platforms: noncovalently encapsulation in its internal space (Figure 10.3A) and
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Figure 10.3 Two common methods for loading pharmaceutics onto dendrimer
scaffolds: (A) noncovalently encapsulation in internal space & (B) ionic coordination
or covalently conjugation with outer functional groups.
A

B

: Drug
: Peripheral linkage
: PEG

coordinated interaction or covalent conjugation with peripheral functional
groups (Figure 10.3B). Noncovalent encapsulation is driven by the dielectric gradient across the dendrimer. For example, the surface molecules of a
PAMAM dendrimer can be adjusted by the final amidation reaction, through
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which the reactive groups such as amines or carboxylic acids, or less reactive groups such as hydroxyls and hydrocarbon chains can be positioned on
the dendrimer surface. Consequently, a dielectric gradient is developed by
the tertiary amine in the internal space along with the tuneable peripheral
functional groups. This property can be used to concentrate hydrophilic,
hydrophobic or even amphiphilic compounds in the internal space [6]. Also,
the drug molecules can also interact with nitrogen or oxygen atoms inside
of the dendrimer through ‘secondary interactions’ (e.g., hydrogen bonding,
electrostatic interaction, dipole−dipole interaction and hydrophobic interaction) [7,8]. In contrast to the encapsulation, the ionic coordination and
covalent conjugation strategies are more feasible within higher generation
dendrimer. In this method, multiple copies of the same or different therapeutics are attached to the peripheral functional groups (amine, carboxylate or hydroxyl) of each dendrimer molecule by corresponding conjugation
reactions.
As shown in Figure 10.2, the size of the dendrimer affects the option for drug
loading. Based on the available data of PAMAM dendrimers, dendrimers
between G3 to G6 are better choices for drug loading by encapsulation, while
higher generations (>G6) are better suitable for the covalent drug-loading.
Without targeting vectors, dendrimer-drug constructs have a tendency to
accumulate in solid tumors through the so-called enhanced permeation
and retention effect. With targeting molecules, the pharmaceutics-loaded
dendrimers can exhibit enhanced therapeutic efficacy [9]

Drug-releasing mechanism
Although dendrimer scaffolds can be used to significantly improve the solubility of native drugs and carry a large payload, their therapeutic potential cannot be unleashed without an efficient drug-release mechanism. In
this regard, dendrimer scaffolds can be advantageous due to the versatile
structural features of dendrimer. For the release of encapsulated drugs,
the controllability is largely dependent on the protonation/deprotonation
kinetic profiles of the functional groups associated with the drug packing.
For instance, the acidic tumor microenvironment can be utilized to facilitate
the desired drug release. For the chemically bound drugs, it is determined
by the kinetic stability of the chemical linkages to which the pharmaceutics
are coupled. To date, studies have shown that the chemical linkage design
can be tuned to controlled release under different in vivo conditions, such
as the acidic tumor microenvironment, site-specific enzymatic reactivity or
disease-specific metabolic alternation [4].
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Figure 10.4 Schematic pH-sensitive release mechanism of encapsulated drug via
protonation of functional groups of a PEGylated dendrimer platform.
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Hydrophobic

pH = 7.4

Hydrophilic

pH = 6.5

pH-sensitive release of encapsulated drugs

With different or mixed peripheral functional groups such as tertiary amino
and/or carboxyl groups, the controlled release of encapsulated drugs can be
realized by alternation of the protonation and deprotonation kinetics under
different pH conditions (Figure 10.4). This has been documented with the
controlled release of famotidine [10] encapsulated in PEGylated PPI and
nifedipine [11] encapsulated in PEGylated PAMAM.
In addition, the incorporation of poly(2-(N,N-diethylamino)ethyl methacrylate) (PDEA) into a dendrimer scaffold has been reported as an efficient
method to render the delivery vehicle with capability of releasing its encapsulated drugs upon pH change [12]. Shown in Figure 10.5, PDEA presents
in a folded form (red coils) inside the dendrimer scaffold because of its
limited solubility under the physiological condition. When pH decreases,
PDEA becomes more water soluble and thus stretches out to release the
encapsulated drug. This controlled release mechanism has been applied to
5-FU (Fluorouracil) encapsulated in PEGylated G3 PAMAM [13].
pH-sensitive release of drugs from chemical linkages

Another strategy of pH-sensitive drug release is through chemical linkages,
which can be cleaved under reduced pH conditions (Figure 10.6). To date,
ester bonds have been shown their effectiveness on controlled release of
therapeutic drugs. In addition, cis-aconityl and hydrazone linkages have also
been used to achieve pH-sensitive drug release from dendrimer scaffolds.
For instance, dendrimer conjugates of doxorubicin (DOX) constructed via
both cis-aconityl and hydrazone linkages displayed an acid triggered DOX
release.
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Figure 10.5 Incorporation of poly(2-(N,N-diethylamino)ethyl methacrylate) polymer
molecules into a G3 poly(amidoamine) dendrimer system for pH-sensitive release of
encapsulated 5-fluorouracil [13].
A

B

pH

pH = 7.4

PDEA

pH = 6.5

PEG

Drug

Redox-sensitive release of drugs from chemical linkages

The disulfide linkage (-S-S-) has been extensively used to achieve the desired
controlled release of therapeutic drugs from delivery vehicles under reductive conditions. Disulfide bond is formed through the oxidation of two thiols
and remains stable under mild oxidative conditions (e.g., atmospheric oxygen or the blood stream). When exposed to a reducing agent, the disulfide
linkage can be cleaved to form two thiols. For instance, in tumor cells under
hypoxic conditions, a high concentration of reduced glutathione (GSH) is
able to break the disulfide linkage thus releasing drugs. Such strategy has
been applied to construct dendrimer-drug conjugates toward controlled
drug release [14].
Despite the success of the methods mentioned above, it must be noted
that conjugating different classes of functional molecules to the surface
of the dendrimer scaffolds often results in a heterogeneous distribution
of the functionalization and thus hinders the interpretation of biological
and clinical results as the structure–activity relationship is compromised. To
address this problem, efforts have been seen through the implementation
of new synthetic strategies and scalable purification techniques [15].
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Figure 10.6 Schematic acid-assisted drug release via pH-sensitive linkages incorporated to
dendrimer platforms.
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Newly emerged applications of dendrimer scaﬀolds
Dendrimer scaﬀolds as nonviral vectors for gene therapy

Gene therapy is a biomedical technique, in which an exogenous genetic
material is transferred to the host with the goal to upregulate or downregulate the targeted genes. This technique has shown great promise and
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potential in the treatment of various diseases [4] such as Parkinson’s disease, cystic fibrosis, severe combined immunodeficiency and cancer. The
effectiveness of gene therapy mainly depends on the delivery efficiency
of the genetic material to the targeted cells without inducing nonspecific
pathogenic effects [16]. Currently, viral vectors are the most efficient vehicles
for gene delivery. However, the risks of using viral vectors, such as unwanted
toxicity, potential oncogenicity and immunogenicity limit the scope of gene
therapy in both basic research and clinical applications [17]. Recently, the
development of nonviral delivery systems has drawn considerable interest
for gene therapy. With the unique structural features, dendrimer scaffolds
are one of the nonviral delivery systems which have shown promise in
gene therapy. For instance, cationic dendrimers such as amino-terminated
PAMAM or PPI dendrimers are capable of carrying payloads crossing the
membranes (plasma and nuclear), which is prerequisite for gene therapy.
However, the toxicity of unmodified cationic dendrimer cannot be neglected
and often it is mitigated by surface modification with PEGylation [18] or introduction of histidine to cationic dendrimers [19]. The transfection efficiency of
this delivery system can be improved by conjugating with alkyl chains, cell
permeation peptides or carbohydrates [20]. Interestingly, it was reported
that the transfection efficiency can also be improved by stabilizing the dendrimer structure by entrapping gold nanoparticles [21]. Partially degraded
(or fragmented) dendrimers have been shown being able to afford a more
flexible structure (fewer amide bonds), which can form a more compact
complex with gene materials that allows gene delivery through endocytotic pathway [22]. As compared with viral vectors, dendrimer scaffolds can
deliver more genetic material with less safety concern. For instance, after
complexed with viral interleukin-10 gene, the hybrid of G5 PAMAM with
ethylenediamine core showed low in vitro and in vivo cytotoxicity while
dramatically increasing the gene transfer efficacy by 1000-fold in a murine
cardiac graft model [23].
Dendrimer scaﬀolds as delivery vehicles of radioisotopes for radiation
therapy

Dendrimer scaffolds conjugated with bifunctional chelators have been
widely used for radioisotope-based imaging and therapy. Radioisotopes
of therapeutic use include 64 Cu, 90 Y, 177 Lu and 186/188 Re [24–26]. However,
there are concerns associated with such radioisotope-based therapy, such as
radiation exposure, public fear of radiation and unwanted internal radiation
after the therapy administration due to the relatively long blood circulation half-life of dendrimer conjugates [27]. Moreover, the inevitable passive accumulation in the reticuloendothelial system (RES) organs imposes
unnecessary radiation exposure burden to the liver, spleen and bone marrow. Besides the applications of radioisotope delivery, dendrimer scaffolds
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have also been reported for boron neutron capture therapy (BNCT) [28]. The
concept of BNCT is based on the nuclear capture and fission reactions that
occur when stable boron isotope (10 B) is irradiated with low energy neutrons, which emit high energy ␣ particles and lithium-7 (7 Li) nuclei. The ␣
particles and 7 Li nuclei deliver short range ionization (5 – 9 m) to ablate the
abnormal cell mass [29]. To sustain an effective lethal 10 B(n, ␣)7 Li reaction,
it has been estimated that a dose of 35–50 g of 10 B per gram of tumor
needs to be delivered to the target [30]. In order to have a high boron loading
and specific targeting, an antibody-conjugated boronated poly-lysine construct containing greater than 1700 boron atoms has been developed [31].
However, the inhomogeneity of the linear polymer resulted in the loss of
its in vivo targeting property [32]. On the other hand, with the uniform
and tuneable structure of G4 PAMAM dendrimer, the antibody-conjugated
boronated dendrimer maintains its in vivo immunoreactivity [33] and the
PEGylation on dendrimer further reduces the accumulation in the RES [72].
However, the BNCT application is limited due to the accessibility of low
energy neutrons.

Conclusion & future perspective
Dendrimers are highly symmetric spheres featuring monodispersity and
well-defined three-dimensional structures, which are highly desirable for
therapeutic drug delivery. In addition, the biological behavior of dendrimers
or dendrimer scaffolds can be tuned to meet specific applications as they
can be tailored or modified to afford control over their architecture, size,
shape, branching length density and surface functionality without compromising the desired loading capacity. In general, the loading of therapeutic
agents to dendrimer scaffolds can be achieved by encapsulation, chemical
attachment, or physically adsorption. Moreover, the dense presentation of
functional groups on the dendrimer surface also allows the attachment of
targeting vectors for specific applications. Controlled release of therapeutic drugs from the dendrimer scaffolds has received considerable attention
recently and the approaches have been evolving. Promising work has been
done as represented by incorporation of pH-sensitive or redox-sensitive linkages into dendrimer−drug conjugates. However, most advances if not all still
remain at preclinical stages due to the complexity and lack of reproducibility
of the chemical procedures, which leads to the difficulties in the synthesis
of large quantities of the delivery system with pharmaceutical-grade purity.
Nevertheless, new methods and strategies for the synthesis, modification
and derivatization of dendrimers are continuously being developed. We
believe that the challenges standing in the course of clinical transition will
be surmounted in a decade to come.
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Summary








With tunable size and chemical composition, highly symmetrical dendrimers are capable of
meeting the desired pharmacokinetics and biocompatibility for drug delivery.
Two main drug-loading methods to explore a dendrimer scaffold for drug delivery: noncovalent
encapsulation and covalent conjugation.
Mechanisms most exploited for controlled drug-release: acidic and/or reductive in vivo
microenvironments.
Dendrimer scaffolds may find potential application in gene therapy as nonviral vectors and in the
development of theranostics as multivalent and multiplexed carriers.

Key terms
Dendrimers:

synthetic macromolecules with a well-defined and symmetrical
structure that encompasses a central core, repetitive branching
units and terminal functionalities.

Therapeutics:

in this chapter, refers to therapeutic agents, synthetic or natural
chemical substances, with proven healing or preventive effects on
diseases, which they are intended to treat or prevent.

Drug delivery:

systematic approaches of formulation, administration and
transportation of a therapeutic agent to the diseased sites so that
the desired therapeutic effect can be achieved without causing
severe side effects or damages to normal organs or tissues. In this
chapter, drug delivery deals with specifically designed chemical
carriers to control or manage the dosage and duration of the
presence of a therapeutic agent in the body.
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ABSTRACT: We report a versatile dendritic structure based platform for construction of
targeted dual-modality imaging probes. The platform contains multiple copies of 1,4,7,10tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) branching out from a 1,4,7triazacyclononane-N,N′,N″-triacetic acid (NOTA) core. The speciﬁc coordination
chemistries of the NOTA and DOTA moieties oﬀer speciﬁc loading of 68/67Ga3+ and
Gd3+, respectively, into a common molecular scaﬀold. The platform also contains three
amino groups which can potentiate targeted dual-modality imaging of PET/MRI or
SPECT/MRI (PET: positron emission tomography; SPECT: single photon emission
computed tomography; MRI: magnetic resonance imaging) when further functionalized by
targeting vectors of interest. To validate this design concept, a bimetallic complex was
synthesized with six peripheral Gd-DOTA units and one Ga-NOTA core at the center,
whose ion T1 relaxivity per gadolinium atom was measured to be 15.99 mM−1 s−1 at 20
MHz. Further, the bimetallic agent demonstrated its anticipated in vivo stability, tissue
distribution, and pharmacokinetic proﬁle when labeled with 67Ga. When conjugated with a
model targeting peptide sequence, the trivalent construct was able to visualize tumors in a mouse xenograft model by both PET
and MRI via a single dose injection.

■

INTRODUCTION
Molecular imaging is gaining importance for noninvasive
assessment of biological events in animal and human subjects.
Through in vivo real-time visualization and imaging quantiﬁcation of biological targets of interest, a better understanding of
the biological processes underlining the initiation and
progression of diseases can be obtained for more eﬃcacious
diagnosis and treatment.1,2 However, a single imaging
technique is often unable to deliver all the necessary
information required for a deﬁnitive clinical decision. To
date, successful attempts have been seen to combine two or
more imaging modalities in order to overcome the shortcomings of single modality systems for optimal visualization
and better quantitative delineation of targets of interest.
Consequently, multimodal imaging techniques have become
the norm in both clinical practice and preclinical research as
evidenced by the implementation of PET/CT (PET: positron
emission tomography; CT: computed tomography) and PET/
MRI (MRI: magnetic resonance imaging) procedures to patient
care and the increasing use of a variety of combinations of the
currently available imaging techniques in translational or basic
biomedical research, such as MRI/optical and PET/NIRF
(NIRF: near-infrared ﬂuorescence).3−8 The fusion of PET and
MRI is especially desirable because technically their physical
features are complementary. While radionuclide-based imaging
techniques, either PET or SPECT (single photon emission
computed tomography), are extremely sensitive and quantita© 2015 American Chemical Society

tive, which allows the studies of biological events or processes
at the molecular and cellular level, their spatial resolution is
limited (>1 cm for current clinical scanners).9−11 On the other
hand, while MRI is able to provide high spatial resolution (<0.1
cm) with exquisite soft tissue contrast even without exogenous
contrast agents, contrast agents are often required to highlight
speciﬁc biological or physiological processes in an amount a few
orders of magnitude higher than PET or SPECT.12−14
Given that more and more PET/MRI systems will likely be
used in the practice of diagnostic radiology, it becomes
important to develop dual modality imaging probes that can
realize the full potential of both modalities.
To take advantage of the strengths of PET and MRI, our
approach is to design and synthesize a dual-modality agent
scaﬀold oﬀering a “single pharmacological behavior” for both
imaging acquisitions. The merging of PET and MRI probe
moieties to a single molecular platform would facilitate
colocation and cross-validation of each modality in targeted
regions of interest (two measures of one event). While MRI
can provide the exact location of the probe, motion artifact
correction, and PET partial volume correction, PET can aﬀord
better imaging quantiﬁcation for higher detection sensitivity.
Further, given that the proton MRI contrast actually reﬂects the
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relaxivity of 15.99 mM−1 s−1 at 20 MHz, while the NOTA core
remains available to form a chelate with 67/68Ga3+ for nuclear
imaging. If the targeted accumulation event is rapid, 68Ga (t1/2
= 68 min; β+ = 89%, Eβ+max = 1.92 MeV; EC = 11%) will be
used for PET imaging; otherwise, 67Ga (t1/2 = 3.26 d; γ = 184
keV) will be used for SPECT imaging.

map of the proton density, a colocalized PET signal distinct
from the proton background could make the MRI contrast
more identiﬁable, which further improves the MRI sensitivity.
Indeed several nanoparticle-based PET/MRI agents have
been reported with enhanced magnetic relaxivities and
considerable promise as dual-modality imaging agents.15−17
However, a nanoparticle platform for PET/MRI probe
development presents challenges. First, the nanoparticle-based
PET/MRI probes are not single molecular entities and often
have questionable in vivo stability or molecular integrity.
Second, to serve the purpose of diagnostic imaging, contrast
agents are desired to have a reasonable blood circulation halflife for eﬃcient accumulation in targets and minimal nonspeciﬁc deposition in the mononuclear phagocyte system
(MPS) organs after systemic administration. However, it is
well-known that most nanoparticles if not all possess
suboptimal in vivo distribution as shown by rapid sequestration
into MPS organs and thereafter slow clearance. These
properties present potential health hazards18−20 which could
impede their translation toward clinical applications. Third, the
majority of nanoparticle-based PET/MRI agents provide T2
contrast; only a handful are T1-based agents, which are
preferred in the cases of low proton density in the target
tissues. To date, a wide range of macromolecules, such as
perﬂuorocarbon emulsions,15 silica nanoparticles,16,21,22 liposomal vesicles,17,23−25 dendrimers,26−32 and polymers,33 have
been explored for the development of gadolinium-based T1
contrast agents. Of the macromolecular systems, dendrimers,
which possess deﬁnitive molecular structures and formula, have
shown a promising role. For instance, the dendrimer systems of
poly(amido amine) (PAMAM) have been used as blood pool,34
liver,35 renal,36 lymphatic,37 and tumor-speciﬁc38 contrast
agents. However, the Gd-PAMAM complexes rarely aﬀord an
ionic relaxivity greater than 11 mM−1 s−1 per gadolinium
ion.39,40 When such dendrimer platforms are used to develop
PET/MRI or SPECT/MRI agents, it is challenging to achieve
precise control of radioisotope loading into speciﬁc chelating
moieties. Herein, we present a dual-modality molecular probe
design (Figure 1) carrying six 1,4,7,10-tetraazacyclododecane1,4,7,10-tetraacetic acid (DOTA) moieties branched out from a
single 1,4,7-triazacyclononane-N,N′,N″-triacetic acid (NOTA)
core structure. In this work, we demonstrate an exclusive
loading of Gd3+ into the DOTA units aﬀording a T1 ion

■

RESULTS AND DISCUSSION
The dual-modality molecular probe design also possesses three
amino groups for potential conjugation with multiple copies of
targeting molecules, thereby providing multivalent eﬀect to the
construct for better speciﬁc binding to the biological target of
interest. Of note, the strong interaction between the targeting
molecule tethered probe and the corresponding target,
triggered by multivalent eﬀect, is expected to further enhance
the relaxivity of the probe. For proof of concept, we conjugated
each amine with a model integrin αvβ3 targeting peptide,
c(RGDyK). The main features of this molecular dual-modality
imaging probe design include the apparent in vivo stability (due
to the inertness of the Gd-DOTA and Ga-NOTA complexes)
and the deﬁned molecular formula with selective loading of two
metal ions.
Synthesis. The desired ligand H21L was synthesized in 7
steps with an overall yield of approximately 15%. The structure
of each intermediate was veriﬁed by 1H NMR and 13C NMR as
well as mass spectroscopy. The synthesis route to compound
H21L is outlined in Scheme 1 and its functionalization is
Scheme 1. Synthetic Route to Ligand H21L

depicted in Scheme 2. Compound 2 was obtained from bis(3aminopropyl)amine and carbobenzyloxy (Cbz) protected lysine
in three steps (see Supporting Information). The free primary
amine of 2 was coupled to the carboxylic acid bearing side arms
of NOTA-(OH)3 (Scheme 1) via carbodiimide chemistry to
form 3. The N-phthaloyl protected amino groups of 3 were
freed by deprotection via hydrazine to aﬀord 4, which contains
six amino groups serving as points of attachment for the DOTA
units.
The N-hydroxy succinamide activated DOTA ester, 5, was
reacted to the six amino groups forming 6. Attempts to
deprotect the Boc groups of compound 6 led to partial
deprotection of the Cbz groups. To overcome this problem, the
ligand was fully deprotected by 30% HBr in an acetic acid
solution. The synthesized ligand, H21L, was fully characterized.
The ligand carries six DOTA units intended for chelating Gd3+

Figure 1. Dual-modality molecular probe design.
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Scheme 2. Synthesis of Integrin αvβ3 Targeted Ligand
Scaﬀolds

H21L, Gd6LGa, can then be formed by incorporation of Ga3+
into the NOTA core. However, considering that the reaction of
L with the stoichiometric amount of Gd3+ may be slow and
could lead to partial complexation of the DOTA units, the ﬁrst
complexation was performed with excess of Gd3+ to give
complete chelation of both the DOTA and NOTA units
forming Gd7L. This was conﬁrmed with mass spectroscopy (see
Supporting Information) as well as 1H NMR spectra using Eu3+
instead of Gd3+. Later, Gd3+ was eﬃciently removed from the
NOTA core by treating the complex with excess diethylene
triamine pentaacetic acid (DTPA) (the log K of Gd-DTPA42 is
approximately 8 orders of magnitude higher than that of GdNOTA). The incorporation of either cold Ga3+ or 68Ga3+ into
the NOTA core of complex of Gd6H3L was then carried out at
pH 3−5 in an HEPES buﬀer. The cold Gd6LGa complex was
puriﬁed and characterized by HPLC and mass spectrometry.
Various concentration of Gd6LGa were injected to inductively
coupled plasma mass spectrometry (ICP-mass) and the ratio of
Gd:Ga was calculated to be 6:1 (see Supporting Information).
The Gd6L68Ga was puriﬁed and characterized by radio-HPLC
using the cold complex as reference.
Coordination Chemistry of the NOTA Core of H21L. To
prove the eﬃcient removal of Gd3+ from the NOTA core
during the complexation procedure, the same complexation
procedure was followed using Eu3+ instead of Gd3+. Chemically,
Eu3+ and Gd3+ have similar reactivities toward NOTA and
DOTA. Since Eu3+ is only weakly paramagnetic, the 1H NMR
signals of its complexes are relatively sharp and also
paramagnetically shifted. This facilitates relatively straightforward structural characterization by NMR spectroscopy. To
accomplish this, the Eu3+ complex of H21L, were synthesized via
two procedures, i.e., with and without a challenge by excess
DTPA, followed by HPLC puriﬁcation. Both complexes were
characterized by 1H NMR spectroscopy (400 MHz). Figure
2a,b shows the 1H NMR spectra of Eu3+ complexes of H21L

and one NOTA unit intended for chelating Ga3+. Since Gd3+
and Ga3+ can be speciﬁcally loaded into the DOTA and NOTA
moieties, respectively, based on their ion-size preference, the
bimetallic molecular complex is expected to carry the two metal
ions in a speciﬁed ratio so as to facilitate PET imaging based
quantiﬁcation.
Functionalization of ligand H21L was performed by utilizing
the previously mentioned amino groups. Maleimido groups
were tethered to amines using the commercially available
reagent of N-succinimidyl 3-maleimidopropionate (Scheme 2).
The model targeting peptide, c(RGDyK), was tethered to the
maleimido carrying ligand H21L via thiol−maleimide coupling.
Given that targeting molecules attached to the bimetallic
complex may not be able to stretch out for speciﬁc binding
because of the steric hindrance from the construct, additionally
we introduced a PEG12 linker between the complex and
targeting vector.
The thiol group without a spacer (zero) or with a PEG12
linker was introduced to c(RGDyK) using the commercially
available reagent: 2-pyridyldithiol-tetraoxaoctatriacontane-Nhydroxysuccinimide (SPDP). The thiol terminated c(RGDyK)
peptides with zero and PEG12 linker were subsequently added
to H 21 L(Mal) 3 to aﬀord Gd 6 H 3 L[c(RGDyK)] 3 and
Gd6H3L[PEG12c(RGDyK)]3, respectively.
Complexation with Gd3+ and Ga3+ to form Gd6LGa.
The thermodynamic stability constants of Gd-DOTA (log
KGd‑DOTA = 24.7), Gd-NOTA (log KGd‑NOTA = 14.3), and GaNOTA (log KGa‑NOTA = 31.0)41,42 suggest that when ligand
H21L is treated with 6 equiv of Gd3+, its complex can be formed
exclusively with the DOTA units. The bimetallic complex of

Figure 2. 400 MHz 1H NMR spectra of (a) Eu3+ complex of H21L
treated with excess DTPA, (b) untreated Eu3+ complex of H21L, and
(c) Eu-DOTA complex.

with and without the DTPA challenge, respectively. The DTPA
treated Eu3+ complex (Figure 2a) showed sharp peaks in the
NOTA region (around 3−4 ppm) suggesting a metal free
NOTA core as opposed to the untreated complex (Figure 2b),
which showed broad peaks indicating the interaction of metal
with the NOTA core. This characterization along with the mass
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In Vivo Tissue Distribution, Pharmacokinetics, and
Stability of Gd6LGa. As compared to other nanoparticlebased dual modality imaging platforms, our molecular probe
design is expected to have a reasonable blood circulation halflife and an eﬃcient clearance proﬁle from the organs. To
evaluate the in vivo behavior of this probe design, Gd6LH3 was
radiolabeled with 67Ga (t1/2 = 3.26 d) so that the tissue
biodistribution could be evaluated over an extended period. As
shown in Table 1, the bimetallic complex, Gd6L67Ga, indeed

spectroscopy results of Gd7L and Gd6H3L indicates the
exclusive Gd3+ coordination with the six DOTA moieties of
H21L. Further, the formation of Gd6LGa was conﬁrmed by the
molar ratio of Gd:Ga determined by ICP-mass (Supporting
Information). These results demonstrate that Gd3+ and Ga3+
have been exclusively loaded to the DOTA and NOTA
moieties as designed, respectively, for the preparation of the
desired dual-modality molecular imaging probe.
Relaxometric Measurements. The T1 relaxivity of
Gd6LGa was measured at 20 MHz, 25 °C, to be 95.98 mM−1
s−1 with R2 value greater than 0.99 (each Gd3+ in the complex
accounted for 15.99 mM−1 s−1 (ion relaxivity)). Under the
same conditions, the relaxivity of Magnavist was found to be 4.1
mM−1 s−1. Impressively, the T1 relaxivity of Gd6H3L was
approximately 4 times higher than that of the Gd-DOTA
complex and comparable to the Gd-PAMAM complexes, which
have been reported with the ion relaxivity up to 11 mM−1
s−1.39,40 It is noteworthy that a similar relaxivity was also
reported for a polylysine-based contrast agent (MW 17 453)
with 24 Gd-DOTA units.43,44 At the physiological temperature
of 37 °C, the relaxivity of Gd6LGa was unchanged while its
relaxivity in rat serum at 25 °C increased to 153.1 mM−1 s−1.
These observations suggest two things: ﬁrst, the lack of
temperature dependence between 25 and 37 °C suggests that
the water exchange rate in the appended Gd-DO3Amonoamide complexes limits the relaxivity somewhat at 25
°C. Given that water exchange is faster at 37 °C, the expected
decline in relaxivity with increasing temperatures is oﬀset by
faster water exchange and a more favorable relaxivity at 37 °C.
This was an unanticipated yet welcomed added advantage for
this probe platform design. The higher relaxivity in serum
indicates that Gd6LGa does interact with one or more serum
proteins.
MR Imaging and Relaxivity Measurements of Gd6LGa
at 1.0 T. The MR imaging potential of Gd6LGa was evaluated
at magnetic ﬁeld of 1.0 T. Figure 3 shows the T1 weighted

Table 1. Tissue Distribution Data and Pharmacokinetic
Parameters of Gd6L67Ga in Normal Balb/C Mice (n = 4)a
%ID/g
Organ
Blood
Heart
Lung
Liver
Kidney
Spleen
Muscle
Fat
Brain
t1/2α
a

1h

4h

24 h

3.51 ± 0.22
2.63 ± 0.84
1.21 ± 0.13
0.94 ± 0.40
2.59 ± 0.5
1.78 ± 0.87
1.39 ± 0.11
2.13 ± 0.81
101.32 ± 4.32
57.42 ± 17.29
0.73 ± 0.19
0.69 ± 0.07
0.27 ± 0.09
0.38 ± 0.13
0.27 ± 0.10
0.27 ± 0.10
0.08 ± 0.01
0.07 ± 0.02
Two-Compartment Clearance Proﬁle (min)
11.33 ± 1.31

t1/2β

0.21
0.21
0.38
1.39
43.90
0.42
0.08
0.06
0.02

±
±
±
±
±
±
±
±
±

0.06
0.02
0.09
0.24
5.12
0.12
0.02
0.02
0.00

438.37 ± 15.11

Data are presented as mean ± standard deviation.

displayed a rapid and eﬃcient clearance proﬁle from all major
organs except kidneys in normal mice. The high renal uptake
can be attributed to the net positive charge on the probe due to
the presence of amine groups.45 However, an eﬃcient renal
clearance is obvious after the initial high uptake as seen from
the decrease of the kidney uptake level from 101.0 ± 4.3%ID/g
at 1 h p.i. to 43.0 ± 5.1%ID/g at 24 h p.i. One would anticipate
that kidney clearance would be even faster once the positively
charged amino groups are removed from the agent through
conjugation with a targeting vector. Indeed, when the amine
groups of the agent were capped with c(RGDyK), the kidney
uptake was impressively reduced to ca. 3%ID/g at 2 h p.i.
The pharmacokinetics of Gd6L67Ga showed a two-compartment proﬁle with t1/2α = 11.3 min and t1/2β = 7.3 h, quite
diﬀerent compared to nanoparticle-based imaging agents which
can be described by one-compartment models.46,47 The t1/2α
reveals that the tissue distribution of Gd6L67Ga was relatively
rapid while the reasonably long t1/2β enables the probe to
accumulate in its targeted tissues without incurring high
background uptake. This indicates that the probe behaves
similarly to other clinically available small molecule contrast
agents.48 The presence of amine groups on the ligand provides
the ease of incorporation of polyethylene glycol (PEG) chains
into the probe for optimization of the in vivo kinetics if
necessary.
The in vitro and in vivo stabilities of Gd6L67Ga were
evaluated through incubation in rat serum and by mouse urine
metabolite analysis, respectively. The bimetallic complex
remained intact during the entire course of study, which
further validates this molecular probe platform design.
Receptor-Binding Assay of Targeted Gd6LGa Complexes. Two integrin αvβ3 targeted Gd6LGa complexes
Gd6H3L[c(RGDyK)]3 and Gd6H3L[PEG12c(RGDyK)]3) were
prepared to validate that our molecular construct design can be

Figure 3. T1-weighted MR images of samples recorded at 1.0 T at 25
°C. Samples of Magnevist (a → e) and Gd6H3L (v → z) containing a
series of decreasing concentrations from 0.4 mM, 0.2 mM, 0.1 mM,
0.04 mM, to 0.02 mM.

imaging of Gd6LGa in comparison with Magnevist at a series of
decreasing concentrations (0.4−0.02 mM determined by ICPmass). The images of Gd6LGa were obviously brighter than
those of Magnevist (4.1 mM−1 s−1) at each equivalent
concentration. The T1 relaxivity of Gd6LGa was measured at
113.36 mM−1 s−1 (T1 ion relaxivity: 18.89 mM−1 s−1) at 1.0 T
(25 °C). Since the agent is intended for conjugation to a
targeting moiety for receptor-based imaging, such interactions
could further enhance the relaxivity of the agent in vivo.
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utilized for speciﬁc imaging of cancer biomarkers. The αvβ3binding aﬃnities were determined by a competitive cell-binding
assay using 125I-echistatin (PerkinElmer) as the αvβ3-speciﬁc
radioligand. The best-ﬁt IC50 values (inhibitory concentration
where 50% of the 125I-echistatin bound on U87MG cells are
displaced) of c(RGDyK), Gd 6 H 3 L[c(RGDyK)] 3 , and
Gd6H3L[PEG12c(RGDyK)]3) were measured to be 199 nM,
489 nM, and 37 nM (Supporting Information), respectively.
The signiﬁcantly improved α v β 3 binding aﬃnity of
Gd6H3L[PEG12c(RGDyK)]3) clearly indicates the critical role
of the PEG12 linker in the desired targeting property of our
molecular scaﬀold design.
PET/MR Imaging Using Gd6L[PEG12c(RGDyK)]368Ga. To
overcome the sensitivity diﬀerence between PET and MR, the
radioactivity of 68Ga was controlled in the labeling of
Gd6H3L[PEG12c(RGDyK)]3. The ﬁnal dose injected into
each animal carried about 6.0 mg of the ﬁnal compound with
an activity of 100−150 μCi (Gd: ca. 0.027 mmol/kg;
c(RGDyK): 2.0 μmol). Figure 4 shows in vivo dual PET/MR

and one Gd-DOTA conjugated to cold Cu or In-DOTA do
exist.50,51 However, they were not designed to serve the goal of
providing targeted contrast to both imaging techniques. To
provide proof of concept, the probe design in this work consists
of only six gadolinium chelatable DOTA units. While the
anticipated T1 relaxivity enhancement was achieved, we
recognize that further ampliﬁcation of MRI sensitivity is
necessary in order to realize the practical application of the
molecular probe design as dual-modality imaging agents. Given
the versatility of the design concept, we believe that it can be
readily modiﬁed or adapted to reach the desired MRI
sensitivity.
In conclusion, we have successfully demonstrated a
molecular platform intended for targeted dual-modality imaging
of PET/MRI or SPECT/MRI, which carries quantiﬁable
numbers of 67/68Ga3+ and Gd3+ ions in their speciﬁc chelation
moieties. This probe design displays a very favorable high T1
relaxivity for MRI contrast enhancement. With the current
rapid growth of hybrid PET/MRI systems in diagnostic
radiology, our molecular design of dual-modality agents
possessing a “single pharmacological behavior” oﬀers a versatile
platform for the development of multimodality imaging agents
with potential applications for noninvasive molecular proﬁling
of various diseases.

■

EXPERIMENTAL PROCEDURES
General Materials and Methods. All reactions were
carried out under N2 atmosphere in degassed dried solvents.
Commercially available starting materials were purchased from
commercial vendors and used directly without further
puriﬁcation unless otherwise stated. All aqueous solutions
were prepared with Milli-Q water. Bulk solvents were removed
using rotary evaporator under reduced pressure at 40 °C. Trace
solvents were removed under high vacuum. Matrix-assisted
laser desorption/ionization (MALDI) mass spectra were
acquired on an Applied Biosystems Voyager-6115 mass
spectrometer. Radiolabeled conjugates were puriﬁed by Light
C-18 Sep-Pak cartridges (Waters, Milford, MA). High performance liquid chromatography (HPLC) was performed on a
Waters Xterra Shield RP C-18 semiprep column (250 × 10
mm, 10 μm) and read by a Waters 2996 photodiode array
detector and an in-line Shell Jr. 2000 radio-detector. The
mobile phase was H2O with 0.1% triﬂuoroacetic acid (TFA)
(solvent A) and acetonitrile with 0.1% TFA (solvent B). The
gradient consisted of 0% B to 80% B in 0−40 min at 4.0 mL/
min ﬂow rate. The radioactivity of excised tissue samples and
radioactive standards were counted by a Wizard2 300 automatic
γ-counter (PerkinElmer).
Synthesis Procedures. Compound 3. To a solution of the
protected acid 1 (0.10 g, 0.15 mmol) in CH3CN (1.0 mL) were
added the deprotected amine 2 (0.40 g, 0.60 mmol),
dicyclohexylcarbodiimide (0.15 g, 0.83 mmol), and triethylamine (0.30 g, 0.27 mmol). The resultant solution was stirred
for 12 h, ﬁltered, and the solvent evaporated. The crude
product was puriﬁed by ﬂash chromatography (ethyl acetate) to
give 3, a NOTA derivative, as a white solid (0.26 g, 0.10 mmol,
67%). 1H NMR (400 MHz, CDCl3): δ 8.73 (bs, 6H), 7.71 (m,
12H), 7.61 (m, 12H), 7.23 (m, 15H), 5.56 (bs, 2H), 4.99 (m,
5H), 4.74 (m, 3H), 3.79−3.27 (m, 24H), 3.25−2.77 (m, 13H),
2.60−2.17 (m, 4H), 2.15−1.71 (m, 12H), 160 (m, 4H), 1.38
(m, 43H). 13C NMR (100 MHz, CDCl3): δ 172.5, 168.3, 156.8,
136.5, 134.1, 133.9, 131.8, 128.4, 127.9, 123.3, 123.2, 79.0, 69.8,
66.5, 64.8, 49.3, 45.9, 44.3, 40.5, 35.5, 35.3, 325, 32.2, 29.3, 28.3,

Figure 4. Representative MRI (upper panel), PET (lower panel: left),
and fused PET/MR (lower panel: right) images of U87MG tumor
xenograft in SCID mice at 1 h post injection of Gd6L[PEG12c(RGDyK)]368Ga. The white arrow indicates the tumor site.

images of integrin ανβ3 positive U87MG tumor enabled by a
single dose injection of Gd6L[PEG12c(RGDyK)]368Ga. The
average tumor uptake measured by PET was 0.88%ID/g. It
should be noted that the tumor uptake value was reduced by
roughly 3 times when the injected amount of the agent
increased from 0.1 mg to 6.0 mg. This decrease also indicates
the integrin ανβ3 imaging speciﬁcity. The observed MR contrast
enhancement in the tumor was 3.06 (n = 3) when compared to
the contrast before injection.
To date, few PET/MRI or SPECT/MRI agents with a
deﬁned structure have been reported. In vivo pH monitoring
PET/MRI agents carrying one Gd-DOTA unit along with 18F
or 68Ga as PET contrast have been reported.49 Bimetallic
complexes carrying one Gd-DOTA conjugated to 68Ga-NOTA
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27.9, 26.8, 22.6. MS (MALDI) m/z calcd for C141H168N18O30:
2594.2; found: 2595.9 ([M + H]+).
Compound 4. To a solution of 3 (0.26 g, 0.11 mmol) in
ethanol (1.0 mL) was added hydrazine monohydrate (0.1 mL,
2.0 mM) and the mixture was stirred for 12 h at room
temperature. After the reaction, the precipitate was removed by
ﬁltration. The ﬁltrate was evaporated and extracted with
CH2Cl2 (3 × 10 mL). The combined organic layers were
evaporated to give 4 as light yellow oil (0.15 g, 0.08 mmol,
80%). This compound was used for the next step without
further puriﬁcation. 1H NMR (400 MHz, CD3OD): δ 7.31 (s,
15H), 4.99 (m, 6H), 4.66 (m, 3H), 3.68−3.39 (m, 10H), 3.38−
3.31 (m, 6H), 3.20−2.94 (m, 17H), 2.93−2.72 (m, 9H), 2.65−
2.30 (m, 7H), 1.95−1.81 (m, 6H), 1.78−1.57 (m, 6H), 1.55−
1.20 (m, 44H). 13C NMR (100 MHz, CD3OD): δ 173.7, 173.1,
157.6, 136.9, 128.9, 127.3, 126.8, 126.5, 82.6, 77.3, 65.9, 64.5,
50.2, 48.8, 45.9, 44.5, 42.3, 38.5, 38.1, 36.7, 30.3, 29.1, 27.8,
26.6, 25.2. MS (MALDI) m/z calcd for C93H156N18O18: 1814.1;
found: 1816.3 ([M + H]+).
Compound 6. To a solution of 4 (0.15 g, 0.08 mmol) in
DMF (1 mL) were added 5 (0.53 g, 0.80 mM), an Nhydroxysuccinimide ester of DOTA, and the mixture was
stirred for 24 h at room temperature. The solvent was
evaporated and the product puriﬁed by reverse phase HPLC
using water and acetonitrile solvent mixture to give 6 as a white
solid (0.29 g, 0.06 mmol, 70%). 1H NMR (400 MHz, CDCl3):
δ 7.40−7.18 (s, 15H), 5.15−4.99 (m, 6H), 4.71 (m, 6H), 4.38−
4.83 (m, 26H), 3.82−3.36 (m, 61H), 3.30−2.62 (m, 17H),
2.60−2.30 (m, 12H), 2.23−1.98 (m, 10H), 1.99−1.80 (m,
10H), 1.79−0.96 (m, 174H). 13C NMR (100 MHz, CD3OD):
δ 172.8, 172.6, 170.8, 170.6, 157.3, 137.2, 128.2, 127.6, 127.2,
84.5, 81.5, 65.8, 64.7, 53.6, 51.6, 49.2, 48.5, 45.3, 43.6, 42.0,
40.1, 36.5, 31.9, 27.2, 28.5, 27.2, 27.1, 22.7. MS (MALDI) m/z
calcd for C261H456N42O60: 5139.4; found: 5138.7 ([M + H]+).
Ligand H21L. To a solution of 6 (0.10 g, 0.02 mmol) was
added 30% HBr in AcOH (2 mL) and the solution was allowed
to stir for 4 h. The solvent was evaporated, and the product
neutralized and puriﬁed by reverse phase HPLC using water
and acetonitrile solvent mixture to give H21L as a white solid
(0.06 g, 0.02 mmol, 75%). 1H NMR (400 MHz, CD3OD): δ
4.42−3.62 (m, 89H), 3.59−3.32 (m, 67H), 3.24−2.85 (m,
48H), 2.80−2.30 (m, 22H), 2.34−2.03 (m, 17H), 2.06−1.85
(m, 14H), 1.88−1.65 (m, 20H), 1.65−1.39 (m, 11H), 1.31 (m,
6H). MS (MALDI) m/z calcd for C153H270N42O54: 3561.9;
found: 3563.0 ([M + H]+).
Compound H21L(Mal)3. To the free ligand H21L (0.200 g,
0.056 mmol) dissolved in DMF (1 mL) was added triethyl
amine (0.022 g, 0.224 mmol) and N-(γ-maleimidobutyryloxy)succinimide and the solution was allowed to stir for 24 h. The
solvent was evaporated, the product neutralized and puriﬁed by
reverse phase HPLC using water and acetonitrile solvent
mixture to give H21L(Mal)3 as a white solid. (0.102 g, 0.052
mmol, 45.1%). MS (MALDI) m/z calcd for C174H285N45O63:
4015.0; found: 4016.3 ([M + H]+).
Compound c(RGDyK)-SH. To the DMF solution (1 mL) of
the commercially available integrin αvβ3 targeting peptide
c(RGDyK) (0.030 g, 0.048 mmol) (Peptides International Inc.,
Kentucky) was added N-succinimidyl 3-(2-pyridyldithio)propionate (0.020 g, 0.064 mmol) (Thermo Scientiﬁc, IL)
and the solution was allowed to stir for 6 h. The solvent was
evaporated, the product neutralized and puriﬁed by reverse
phase HPLC using water and acetonitrile solvent mixture and
lyophilized. The resultant white solid was dissolved in DMF

(1.0 mL) and dithiothreitol (0.010 g, 0.065 mmol) was then
added. The solution was allowed to stir for 3 h. The solvent was
evaporated and the product neutralized and puriﬁed by reverse
phase HPLC using water and acetonitrile solvent mixture to
give c(RGDyK)-SH as a white solid (0.103 g, 0.014 mmol,
29.5%). MS (MALDI) m/z calcd for C30H45N9O9S: 707.3;
found: 708.3 ([M + H]+).
Compound H21L[c(RGDyK)]3. To the malemide carrying
ligand, H21L(Mal)3, (0.020 g, 0.005 mmol) dissolved in PBS
(1×) was added the thiol carrying c(RGDyK)-SH (0.014 g,
0.029 mmol), and the solution was allowed to stir for 18 h. The
solution was puriﬁed by reverse phase HPLC using water and
acetonitrile solvent mixture to give H21L[c(RGDyK)]3 as a
white solid. (0.010 g, 0.002 mmol, 33.3%). MS (MALDI) m/z
calcd for C264H420N72O90S3: 6136.9; found: 6139.1 ([M + H]+).
Compound c(RGDyK)PEG12SH. To the DMF solution (1
mL) of the integrin αvβ3 targeting peptide c(RGDyK) (0.040 g,
0.064 mmol) (Peptides International Inc., Kentucky) dissolved
in DMF (1.0 mL) was added N-2-pyridyldithiol-tetraoxaoctatriacontane-N-hydroxysuccinimide (0.060 g, 0.065 mmol)
(Thermo Scientiﬁc, IL) and the solution was allowed to stir
for 6 h. The solvent was evaporated and the product neutralized
and puriﬁed by reverse phase HPLC using water and
acetonitrile solvent mixture and lyophilized. The resultant
white solid was dissolved in DMF (1 mL) and dithiothreitol
(0.010 g, 0.065 mmol) was then added and the solution was
allowed to stir for 3 h. The solvent was evaporated and the
product neutralized and puriﬁed by reverse phase HPLC using
water and acetonitrile solvent mixture to give c(RGDyK)PEG12SH as a colorless viscous liquid. (0.025 g, 0.019 mmol,
30.2%). MS (MALDI) m/z calcd for C57H98N10O22S: 1306.6;
found: 1307.5 ([M + H]+).
Compound H21L[PEG12c(RGDyK)]3. To the malemide
carrying ligand, H21L(Mal)3 (0.030 g, 0.007 mmol), dissolved
in PBS (1×) was added the thiol carrying peptide c(RGDyK)SH (0.038 g, 0.028 mmol) and the solution was allowed to stir
for 18 h. The solution was puriﬁed by reverse phase HPLC
using water and acetonitrile solvent mixture to give
H21L[PEG12c(RGDyK)]3 as a white solid (0.019 g, 0.002
mmol, 35.3%). MS (MALDI) m/z calcd for C345H579N75O129S3:
7936.0; found: 7936.7 ([M + H]+).
Compound Gd7L. The free ligand H21L (0.060 g, 0.013
mmol) was dissolved in water (1 mL) and the pH was adjusted
to 7.0 with NaOH (0.1 M). To this solution was added an
excess amount of GdCl3·6H2O and the pH was readjusted to
6.5 and allowed to stir at room temperature overnight. The pH
of the resultant solution was raised above 8 using 1 M aqueous
NaOH, causing the excess Gd3+ to precipitate as Gd(OH)3.
The solution was ﬁltered and the pH was readjusted to 7.0
using 1 N HCl. The solution was puriﬁed using HPLC and the
fractions pooled together and lyophilized to give a white solid
(0.051 g, 0.011 mmol, 84.6%). MS (MALDI) m/z calcd for
C153H261Gd7N42O60: 4644.2; found: 4645.1 ([M + H]+).
Compound Gd6H3L. To the solution of Gd7L (0.05 g, 0.011
mmol), DTPA (0.1 mM, 1 mL) was added. The solution was
stirred at room temperature for 2 h and then puriﬁed using
HPLC. The desired fractions were pooled together and
lyophilized to give Gd6H3L as a white solid (0.04 g, 0.01
mmol, 81%). MS (MALDI) m/z calcd for C153H264Gd6N42O60:
4489.3; found: 4634.9 ([M + K+ 6H2O]+).
Compound Eu6H3L. The free ligand H21L (0.030 g, 0.008
mmol) was dissolved in water (1 mL) and the pH was adjusted
to 7.0 with NaOH (0.1 M). To this solution was added an
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excess amount of EuCl3·6H2O and the pH was readjusted to
6.5 and allowed to stir at room temperature overnight. The pH
was raised above 8.0 using 1.0 N aqueous NaOH, which caused
the excess Eu3+ to precipitate as Eu(OH)3. The solution was
ﬁltered and the pH was readjusted to 7.0 using 1.0 N HCl. To
the resulting solution, DTPA (0.1 mM, 1 mL) was added and
the solution was puriﬁed using HPLC to give the desired
complex. The desired fractions were pooled together and
lyophilized to give Eu6LH3 as a white solid. (0.042 g, 0.009
mmol, 54%). MS (MALDI) m/z calcd for C153H252Eu6N42O54:
4453.4; found: 4454.5 ([M + H]+).
Compound Cold Gd6LGa. The gadolinium complex,
Gd6H3L (0.001 g, 0.225 μmol), was dissolved in a solution of
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
pH = 6.5, 1.0 M, 1.0 mL). To the resulting solution was
added a solution of GaCl3 (0.0001 g, 0.567 μmol) in 0.6 N HCl
(0.3 mL) and the resulting solution was stirred for 1 h. To the
mixture was added 500 μL of 5.0 mM ethylendiaminetetraacetic
acid (EDTA) and the mixture was stirred for another 5 min at
room temperature (EDTA was used to remove nonspeciﬁcally
bound or free GaCl3 from the complex). The puriﬁcation of the
bimetallic complex was carried out by passing the mixture
through a preconditioned Sep-Pak C-18 heavy cartridge. After
thorough rinsing (3 × 5 mL, water) of the cartridge, the
bimetallic complex, Gd6LGa, was eluted by an ethanol−water
mixture (70:30). The product was puriﬁed with HPLC and
characterized by mass spec. MS (MALDI) m/z calcd for
C153H264GaGd6N42O60: 4555.28; found: 4556.9 ([M + H]+).
Compound Gd6L68Ga. To a 1.5 mL eppendorf tube
containing 30 μg Gd6H3L complex in 1.0 mL of HEPES (pH
= 6.5) solution was added a solution of 8.0 mCi of 68GaCl3 in
0.6 N HCl. The reaction mixture was incubated at 75 °C for 0.5
h on a shaker. To this solution was added DTPA (5.0 mM, 5.0
μL) and the reaction mixture was stirred for 5 min at room
temperature (DTPA was used to remove nonspeciﬁcally bound
or free 68Ga from Gd6L68Ga). The Gd6L68Ga complex was
puriﬁed by passing the mixture through a preconditioned SepPak C-18 light cartridge. After thorough rinsing (3 × 3 mL,
water) of the cartridge, Gd6L68Ga was eluted by an ethanol−
water mixture (70:30) to give 3.6 mCi of labeled compound.
The product was ﬁrst analyzed by a Rita Star Radioisotope
TLC Analyzer (Straubenhardt, Germany) on instant thin-layer
chromatography (ITLC-SG) plates (Pall Life Sciences, East
Hills, NY) and then by radio-HPLC to determine the
radiochemical purity of the product. The compound was
determined to have more than 95% purity.
Compound Gd6L67Ga. To a 1.5 mL eppendorf tube
containing 30 μg Gd6H3L complex in 1.0 mL of HEPES (pH
= 6.5) solution was added a solution of 4.0 mCi of 67GaCl3 in
0.6 N HCl. The reaction mixture was shaken and incubated at
75 °C for 0.5 h. To this solution was added DTPA (5.0 mM,
5.0 μL) and the reaction mixture was incubated for 5 min at
room temperature. The Gd6L67Ga complex was puriﬁed by
passing the mixture through a preconditioned Sep-Pak C-18
light cartridge. After thorough rinsing (3 × 3 mL, water) of the
cartridge, Gd6L67Ga was eluted by an ethanol−water mixture
(70:30) to give 2.1 mCi of the labeled compound. The product
was ﬁrst analyzed by a TLC Analyzer on ITLC-SG plates and
then by radio-HPLC to determine the radiochemical purity of
the product. The compound was determined to have more than
95% purity.
Compound Gd6H3L[c(RGDyK)]3. The c(RGDyK) modiﬁed
ligand H21L[c(RGDyK)]3 (0.010 g, 0.002 mmol) was dissolved

in water (1 mL) and the pH was adjusted to 7 with NaOH (0.1
M). To this solution was added an excess of GdCl3·6H2O and
the pH was again adjusted to 6.5 and allowed to stir at room
temperature overnight. The pH was raised above 8.0 using 1.0
N aqueous NaOH, which caused the excess Gd3+ to precipitate
as Gd(OH)3. The solution was ﬁltered and the pH was
readjusted to 7.0 using 1.0 N HCl. To the resulting solution,
DTPA (0.1 mM, 1 mL) was added and the solution was
puriﬁed using HPLC to give the desired complex. The desired
fractions were pooled together and lyophilized to give
Gd6H3L[c(RGDyK)]3 as a white solid. (0.005 g, 0.001 mmol,
48%). MS (MALDI) m/z calcd for C264H402Gd6N72O90S3:
7064.4; found: 7085.0 ([M + Na]+).
Compound Gd6L[c(RGDyK)]368Ga. To a 1.5 mL eppendorf
tube containing 80 μg Gd6H3L[c(RGDyK)]3 complex in 1 mL
of HEPES (pH = 6.5) solution was added a solution of 15.0
mCi of 68GaCl3 in 0.6 N HCl. The reaction mixture was
incubated at 75 °C for 0.5 h on a shaker. To this solution was
added DTPA (5.0 mM, 5.0 μL) and the reaction mixture was
incubated for 5 min at room temperature. The 68Ga-labeled
conjugate, Gd6L[c(RGDyK)]368Ga, was puriﬁed by passing the
mixture through a preconditioned Sep-Pak C-18 light cartridge.
After thorough rinsing (3 × 5 mL, water) of the cartridge,
Gd6L[c(RGDyK)]368Ga was eluted by an ethanol−water
mixture (70:30) to give 9.0 mCi of the labeled compound.
The product was analyzed by radio-HPLC to determine the
radiochemical purity of the product. The radiochemical purity
of the compound was determined to be higher than 95%.
Compound Gd6H3L[PEG12c(RGDyK)]3. The c(RGDyK)
modiﬁed ligand H21L[PEG12c(RGDyK)]3 (0.019 g, 0.002
mmol) was dissolved in water (1.0 mL) and the pH was
adjusted to 7.0 with NaOH (0.1 M). To this solution was
added an excess of GdCl3·6H2O and the pH was again adjusted
to 6.5 and allowed to stir at room temperature overnight. The
pH was raised above 8.0 using 1.0 N aqueous NaOH, which
caused the excess Gd3+ to precipitate as Gd(OH)3. The
solution was ﬁltered and the pH was readjusted to 7.0 using 1.0
N HCl. To the resulting solution DTPA (0.1 mM, 1.0 mL) was
added and the solution was puriﬁed using HPLC to give the
desired complex. The desired fractions were pooled together
and lyophilized to give Gd6H3L[PEG12c(RGDyK)]3 as a white
solid. (0.006 g, 0.001 mmol, 51%). MS (MALDI) m/z calcd for
C345H561Gd6N75O129S3: 8864.3; found: 8864.7 ([M + H]+).
Compound Gd6L[PEG12c(RGDyK)]3Ga. The gadolinium
complex, Gd6H3L[PEG12c(RGDyK)]3 (0.001 g, 0.112 μmol),
was dissolved in an HEPES solution (pH = 6.5, 1.0 M, 1.0 mL).
To the resulting solution was added a solution of GaCl3 (0.001
g, 0.567 μmol) in 0.6 N HCl (0.3 mL) and the resulting
solution was stirred for 1 h. To the mixture was added 500 μL
of 5.0 mM of EDTA, and the mixture was allowed to incubate
for another 5 min at room temperature (EDTA was used to
remove nonspeciﬁcally bound or free GaCl3). The puriﬁcation
of Gd6L[PEG12c(RGDyK)]3Ga was carried out by passing the
mixture through a preconditioned Sep-Pak C-18 heavy
cartridge. After thorough rinsing (3 × 5 mL, water) of the
cartridge, Gd6L[PEG12c(RGDyK)]3Ga was eluted by an
ethanol−water mixture (70:30). The product was characterized
by mass spec. MS (MALDI) m/z calcd for
C345H558GaGd6N75O129S3: 8930.9; found: 8954.8 ([M + Na]+).
Compound Gd6L[PEG12c(RGDyK)]368Ga. For PET/MR
imaging, a slightly diﬀerent labeling procedure was followed.
To a 1.5 mL eppendorf tube containing 6.0 mg of
Gd6H3L[PEG12c(RGDyK)]3 complex in 1.0 mL of HEPES
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(pH = 6.5) solution was added a solution of 300 μCi of 68GaCl3
in 0.6 N HCl. The reaction mixture was incubated at 75 °C for
10 min on a shaker. To this solution was added DTPA (5.0
mM, 5.0 μL) and the reaction mixture was incubated for 1 min
at room temperature. The 68Ga-labeled conjugate was puriﬁed
by passing the mixture through a preconditioned Sep-Pak C-18
plus cartridge. After thorough rinsing (3 × 5 mL, water) of the
cartridge, Gd6L[PEG12c(RGDyK)]368Ga was eluted by an
ethanol−water mixture (70:30) to give 180−200 μCi of the
labeled compound. The product was analyzed by radio-HPLC
to determine the radiochemical purity of the product. The
radiochemical purity of the compound was determined to be
higher than 95%.
Biodistribution and Pharmacokinetics Studies of
Gd6L67Ga. Male BALB/C mice were injected with 300 μCi
of Gd6L67Ga complex to evaluate the tissue distribution of the
tracer in mice. Mice were sacriﬁced 1, 4, and 24 h post injection
(p.i.). The organs of interest (blood, heart, lung, liver, spleen,
kidney, stomach, muscle, fat, small intestine, large intestine, and
brain) were harvested and weighed, and radioactivity was
quantiﬁed using a γ-counter. Standards were prepared and
counted along with the tissue samples to calculate the
percentage-injected dose per gram (%ID/g). To determine
the pharmacokinetic parameters, mice injected with the tracer
were blood sampled from the retro-orbital sinus at 2, 5, 10, and
30 min, and 1, 2, 24, and 48 h p.i. and quantiﬁed using a γcounter. The pharmacokinetic parameters were calculated
based on a two-compartment open model.
In Vitro and Ex Vivo Stability of Gd6L67Ga. The in vitro
stability test was performed in rat serum. Brieﬂy, Gd6L67Ga
complex (100 μCi, 5 μL) was added into 100 μL of rat serum
(n = 3). The solution was incubated for 1, 4, 24, and 48 h at 37
°C, respectively. The solution was vortexed and centrifuged for
5 min at the speed of 21 000 g. The supernatant was then
analyzed by HPLC. For the in vivo stability evaluation, each
male mouse was injected with 600 μCi of Gd6L67Ga complex in
100 μL of saline via the tail vein. The urine samples were
collected at 1, 4, 24, and 48 h p.i. and then analyzed by HPLC.
Integrin αvβ3 Receptor-Binding Assay. The integrin αvβ3
binding aﬃnities of c(RGDyK), Gd6H3L[c(RGDyK)]3, and
Gd6H3L[PEG12c(RGDyK)]3 were determined by a competitive
cell-binding assay using 125I-echistatin (PerkinElmer) as the
αvβ3-speciﬁc radioligand. The experiments were performed on
U87MG human glioblastoma cells following a previously
reported method.52 Brieﬂy, U87MG cells were grown in
RPMI 1640 medium supplemented with penicillin, streptomycin, and 10% (v/v) fetal bovine serum (FBS) at 37 °C under
5% CO2. Suspended U87MG cells in the binding buﬀer (20
mM Tris, pH 7.4, 150 mM NaCl, 2.0 mM CaCl2, 1.0 mM
MgCl2, 1.0 mM MnCl2, 0.1% bovine serum albumin) were
seeded on multiwell DV plates (Millipore) with 5 × 104 cells
per well and then incubated with 125I-echistatin (10 000 cpm/
well) in the presence of increasing concentrations (0−5000
nM) of each c(RGDyK) peptide conjugate for 2 h. The ﬁnal
volume in each well was maintained at 200 μL. At the end of
incubation, unbound 125I-echistatin was removed by ﬁltration
followed by three rinses with cold binding buﬀer. The retentate
was collected and the radioactivity was measured using a γcounter. The best-ﬁt IC50 values (inhibitory concentration
where 50% of the 125I-echistatin bound on U87MG cells are
displaced) of c(RGDyK), Gd 6 H 3 L[c(RGDyK)] 3 , and
Gd6H3L[PEG12c(RGDyK)]3 were calculated by ﬁtting the
data with nonlinear regression using GraphPad Prism (Graph-

PadSoftware, Inc.). Experiments were repeated with quintuplicate samples.
Relaxivity Measurements at 0.5 T (T). The T1 values
were recorded at 23 MHz (0.5 T) at 25 °C by using a Maran
Ultra relaxometer (Oxford Instruments, UK). Longitudinal
relaxation times were measured by using the inversion−
recovery pulse sequence (180°-t-90°). The T1 relaxivities
were determined by the linear regression analysis of the
water proton relaxation rates in solutions ranging in
concentration from 0.005 to 12.0 mM, in Millipore water in
triplicate.
MRI Imaging and Relaxivity Measurements at 1.0 T.
The T1-weighted MR images of samples in 0.5 mL microfuge
tubes were collected using Aspect Imaging M2TM 1.0 T
(43.5−45 MHz, 60 mm diameter volume coil) Gradient Echo
Spoiled External Averaging (GRE-EXT) sequence. For imaging,
the following parameters were used: TR = 14.2 ms; eﬀective
echo time (TE) = 2.8 ms; FOV 64 × 100 mm2, data matrix =
256 × 256, averaging = 4, slice = 1 mm. The T1-maps of the
samples at 1.0 T were determined from a series of multi-T1
(0.01 ms to 5 s) inversion recovery spin echo sequence (IR-SE
with minimum TE = 7.0 ms); TR = 10 s; FOV = 64 × 100
mm2; matrix = 128 × 128; averaging = 1, steady state scans =
10), ﬁtted and calculated using Matlab code. All the ﬁts for T1
values used to calculate the longitudinal relaxivity, r1, had ﬁtting
coeﬃcients, R2 ≥ 0.99. Three trials were performed. The Gd
and Ga metal concentrations of samples were determined by
inductively coupled plasma mass spectrometry (ICP-MS).
PET/MR Imaging Using Gd6L[PEG12c(RGDyK)]368Ga.
The MR and PET imaging studies were performed on a 1.0
T MR scanner (Aspect Imaging, Shoham, Israel) using a 35
mm mouse body coil, and a Siemens Inveon Multimodality
PET/CT system (Siemens Medical Solutions Inc., Knoxville,
TN, USA), respectively. Ten minutes prior to imaging, the
animals were anesthetized using 3% isoﬂuorane at room
temperature until stable vitals were established. Once the
animals were sedated, they were placed onto a custom-made
interchangeable bed between the MR and PET scanners under
2% isoﬂuorane anesthesia for the duration of the imaging. A T1weighted gradient echo, spoiled sequence (echo time/
repetition time [TE/TR] 3/15 ms; ﬁeld of view [FOV] 80 ×
100 mm; slice thickness 0.8 mm; matrix 256 × 256; number of
excitations [NEX] = 3; ﬂip angle = 25°) was performed for
each mouse. Each mouse was injected with 100−150 μCi (Gd:
ca. 0.027 mmol/kg) via the tail-vein. MR scans were obtained
precontrast and 1 h after contrast medium injection.
PET imaging was acquired with the mouse mounted on the
interchangeable bed directly following the MR acquisition. A 15
min PET static scan was performed and reconstructed using
Fourier rebinning and ordered subsets expectation maximization 3D (OSEM3D) algorithm. Reconstructed MR and
PET images were fused and analyzed using the VivoQuant
software (Invicro LLC, Boston, USA). For quantiﬁcation,
regions of interest were placed on the tumor and muscle. The
latter was used for normalization. The resulting quantitative
data were expressed in intensity and %ID/g for MR and PET
images.
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ABSTRACT: Targeted therapy has become an eﬀective strategy of precision medicine for cancer treatment. Based on the
success of antibody-drug conjugates (ADCs), here we report a theranostic design of small-molecule drug conjugates (T-SMDCs)
for targeted imaging and chemotherapy of prostate cancer. The structure of T-SMDCs built upon a polyethylene glycol (PEG)
scaﬀold consists of (i) a chelating moiety for positron emission tomography (PET) imaging when labeled with 68Ga, a positronemitting radioisotope; (ii) a prostate speciﬁc membrane antigen (PSMA) speciﬁc ligand for prostate cancer targeting; and (iii) a
cytotoxic drug (DM1) for chemotherapy. For proof-of-concept, such a T-SMDC, NO3A-DM1-Lys-Urea-Glu, was synthesized
and evaluated. The chemical modiﬁcation of Lys-Urea-Glu for the construction of the conjugate did not compromise its speciﬁc
binding aﬃnity to PSMA. The PSMA-mediated internalization of 68Ga-labeled NO3A-DM1-Lys-Urea-Glu displayed a timedependent manner, allowing the desired drug delivery and release within tumor cells. The antiproliferative activity of the TSMDC showed a positive correlation with the PSMA expression level. Small animal PET imaging with 68Ga-labeled NO3ADM1-Lys-Urea-Glu exhibited signiﬁcantly higher uptake (p < 0.01) in the PSMA positive PC3-PIP tumors (4.30 ± 0.20%ID/g)
at 1 h postinjection than in the PSMA negative PC3-Flu tumors (1.12 ± 0.42%ID/g). Taken together, we have successfully
designed and synthesized a T-SMDC system for prostate cancer targeted imaging and therapy.

■

INTRODUCTION

limitations of ADCs are obvious in their suboptimal in vivo
distribution and kinetics owing to their large size,8 which
precludes eﬃcient penetration into solid tumors.9 In addition,
antibodies elicit immunogenic responses10 and are slowly
cleared from nontarget organs leading to undesired side
eﬀects.11,12 Also, the non-site-speciﬁc drug conjugation with
antibodies may have adverse eﬀects to compromise the
immunoreactivity of the antibodies and renders irreproducibility to the manufacturing of ADCs. Moreover, the production
of antibodies is often low throughput and therefore not cost
eﬃcient.
As such, small organic molecules targeting speciﬁc tumor
markers have been proposed as a viable alternative to

Prostate cancer remains the second leading cause of death in
American men, with an estimated 26 120 deaths in 20161
primarily as a result of the complications from castrationresistant prostate cancer (CRPC). Chemotherapy was not
eﬀective in the treatment of CRPC until 2004 when a
combination of docetaxel and prednisone was reported with
an overall survival gain.2,3 Further advances have been seen as
the United States Food and Drug Administration (US-FDA)
approved cabazitaxel in 2010 as a second-line treatment of
metastatic CRPC patients. However, due to the multidrug
resistance and safety concerns of cytotoxic drugs, chemotherapy
of prostate cancer is still deemed less favorable.4,5
To date, the strategy of targeted therapy has demonstrated its
eﬀectiveness when treating lymphoma and breast cancer as
represented by several US-FDA approved antibody drug
conjugates (ADCs).6,7 Despite the promising outcome, the
© 2016 American Chemical Society
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antibodies for targeted drug delivery8,11,13 owing to the
inherent advantages from their small size, nonimmunogenic
nature, and much more manageable synthesis.8,14 Indeed,
several small-molecule drug conjugates (SMDCs) have been
reported including ones targeting prostate speciﬁc membrane
antigen (PSMA),15 carbonic anhydrase IX,11 or biotin
receptors16 in preclinical studies. Recently, a folic acid based
SMDC (Vintafolide) targeting the folate receptors has entered
the Phase III clinical trial for the treatment of platinum-resistant
ovarian cancer.13
In company with the development of ADCs and SMDCs for
targeted cancer treatment, to date considerable attention has
been drawn to adding a precision medicine measure to
potentiate personalized therapy for cancer patient care, as a
newly emerged concept, theranostics, evolves. One strategy
involves replacing the drug payload with an imaging moiety in
the same modular structure of SMDCs (companion imaging).15
However, this companion approach may not truly reﬂect the
distribution of SMDCs inside the living subject given their
chemical structural diﬀerences. Ideally, a theranostic design
would allow molecular imaging to be performed using the same
single agent of therapy, which provides the in vivo molecular
and cellular information for patient stratiﬁcation in addition to
the drug distribution kinetics and dynamic tumor response.
Such eﬀorts have been seen recently with an optical imaging
component embedded in SMDC designs.17−19 Despite the
promising results, the penetration depth of light in living
subjects limits their applications in preclinical settings or
imaging-guided intraoperative surgery.
In this study, we present a theranostic design of
incorporating a PET imaging component to a SMDC system
with the goal of combining both imaging and therapy functions
in a single entity. Built upon a polyethylene glycol (PEG)
scaﬀold, the T-SMDC system (Scheme 1) consists of (i) a

varieties of PEGs in drug delivery,20−23 we chose two short
PEG chains anchored through amide conjugation to the
carboxylic and ε-amino groups of a lysine center (Scheme 1)
for the incorporation of a metal chelator, 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA), and a PSMA-targeting
moiety, Lys-Urea-Glu, respectively. The α-amino group of the
lysine center was used for further conjugation with a cytotoxic
chemotherapy drug, DM1, through a disulﬁde linkage for
controlled release under the reductive conditions in tumor
microenvironment.24−26 Of note, the lysine centered PEG
scaﬀold is versatile for the construction of other T-SMDC
systems.
For proof-of-concept, herein we present a T-SMDC design
targeting prostate cancer through PSMA, which is often found
overexpressed in prostate cancer up to 1000-fold27 and
positively correlated with the aggressiveness of prostate
cancer.28 In addition, PSMA can form complexes with its
speciﬁc ligands, which results in active internalization.29 This
feature can be leveraged for intracellular delivery of drugs to
PSMA expressing prostate cancer cells. To date, many small
organic molecules have been reported with low nanomolar or
even subnanomolar binding aﬃnities to PSMA.15,30−34 In this
work, we selected such a PSMA-targeting moiety containing the
Lys-Urea-Glu motif, which has advanced to clinical trials of
PSMA targeted PET imaging.35−37
Given that the circulation half-life of our designed T-SMDC
in vivo is likely within hours,6,11 the radioisotopes of choice can
be either 18F (97% β+, t1/2 = 110 min) or 68Ga (90% β+, t1/2 =
68 min) for PET imaging. Although 18F can serve the goal of
our design, it requires a cyclotron onsite or in close proximity.
Recently, 68Ga has gained considerable attention in the ﬁeld of
PET mainly because it is a generator (68Ge/68Ga) produced
radioisotope. With approximately one year of shelf life,
68
Ge/68Ga generators have been in the market for decades to
make 68Ga readily available as needed. Furthermore, gallium
also has a long-lived isotope (67Ga: γ, t1/2 = 3.26 days), which
has been in nuclear medicine practice for gamma scintigraphy
and recently single photon emission computed tomography
(SPECT). With identical chemical properties to 68Ga, 67Ga can
be used instead of 68Ga for in vitro assay or SPECT imaging as
necessary. To date, a variety of bifunctional chelators have been
developed for gallium radiopharmaceuticals including a NOTA
chelator scaﬀold featuring its neutral complex formation with
Ga(III) without compromising its stability and with a purposely
added functionality for further conjugation.38 The chelator
scaﬀold can form a stable complex as well with 64Cu (17% β+,
t1/2 = 12.7 h), another common radioisotope to enable PET.
This further indicates the versatility of our T-SMDC design.
An eﬀective T-SMDC requires a highly potent cytotoxic drug
to potentially overcome the dose diﬀerence between
diagnostics and therapeutics, which is the main challenge
facing the development of theranostics. For our work, the
injected amount of T-SMDC must be controlled to be
suﬃcient to ensure the PSMA-targeted therapy but under the
level that may saturate the targeted PSMA binding sites.
Because of the existence of PSMA-mediated internalization,
such an injection can be administered multiple times if
necessary, in particular, to deliver a required dose for the
targeted cancer cell kill. As such, one of the main determinants
for a successful theranostics is the availability of a highly potent
cytotoxic drug for the targeted disease. DM1, a cytotoxic
maytansinoid that is too toxic to be used alone, is such a drug
molecule for us to construct the ﬁrst generation of our T-

Scheme 1. Design of Prostate Speciﬁc Membrane Antigen
(PSMA) Targeted Theranostic Small-Molecule Drug
Conjugate (T-SMDC 1)

chelating moiety for positron emission tomography (PET)
imaging when labeled with 68Ga, a cyclotron-independent
positron-emitting radioisotope; (ii) a speciﬁc PSMA ligand for
prostate cancer targeting; and (iii) a cytotoxic drug (DM1) for
chemotherapy.

■

RESULTS AND DISCUSSION
Design and Synthesis of T-SMDC. The theranostic
SMDC design was intended to address the inherent suboptimal
in vivo kinetics of ADCs. Given the well-established role of
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Scheme 2. Synthesis Route to T-SMDC 1a

a

Cbz: carboxybenzyl; DCC: N,N′-dicyclohexylcarbodiimide; TFA: triﬂuoroacetic acid; Boc: tert-butyloxycarbonyl.

carboxy terminated PSMA targeting ligand 10 in 25% yield.
The long linker separating the PSMA targeting ligand from the
rest part of T-SMDC was chosen for its reported capability of
retaining the PSMA binding aﬃnity.30 The extended arm of
ligand 10 carrying a carboxy group was coupled to the
unprotected ε-amino of 7. The resultant product was isolated
and deprotected using triﬂuoroacetic acid to give 11 in 35%
yield. Compound 11 had six carboxylic and one amino group at
the α-position of the central lysine, which was intended for
drug conjugation.
In order to build in a disulﬁde linkage between the DM1
drug molecule and 11, a commercially available succinimidyl 3(2-pyridyldithio)propionate (SPDP) linker was ﬁrst reacted
with the α-amine in 11 to give an activated disulﬁde bond,
which was readily converted to the desired T-SMDC 1 (NO3ADM1-Lys-Urea-Glu) upon reaction with the thiol terminated
DM1 drug molecule in 51% yield. Because of the instability of
disulﬁde and high cost of DM1, the drug was incorporated to
the entire T-SMDC at the last step.
Radiolabeling and Serum Stability. NO3A-DM1-LysUrea-Glu (15 μg) was eﬃciently labeled by 68Ga3+ (148−222
MBq) within 15 min in quantitative yield as monitored by
radio-HPLC when the reaction was carried out in 4 M NaOAc
buﬀer (pH 4−4.5) at 60 °C. At lower temperatures, 25 or 37
°C, the radiolabeling was incomplete within 15 min. For both
in vitro and in vivo evaluations, the radiochemical purity of
68
Ga-NO3A-DM1-Lys-Urea-Glu was maintained at >95% as
determined by radio-HPLC. The highest achievable speciﬁc
activity was in the range of 50−80 GBq/μmol. Tested in

SMDC. Indeed, DM1 has been used to construct ADCs for
cancer treatment. For instance, trastuzumab emtansine, an
ADC with DM1 conjugated to trastuzumab, was approved in
2013 by US-FDA for clinical treatment of advanced HER2
positive breast cancer.6,11 In addition, DM1 possesses good
aqueous stability and solubility, which is much needed for our
T-SMDC design. For controlled release under reductive
conductions within tumor microenvironment (e.g., glutathione,
1−10 mM), a disulﬁde linkage was introduced for DM1’s
anchorage at the α-amino position of the lysine center (Scheme
1).
To form a central frame, a PEG based diamino linker 2 was
conjugated using carbodimide coupling to the carboxylic group
of a lysine derivative 3, in which the two amino groups were
orthogonally protected (Scheme 2). The product 4 was
obtained in 22% yield after puriﬁcation. It was then reacted
with 5, a NOTA chelator synthesized according to our
published procedure,38 through its free side carboxy group to
aﬀord the fully protected 6 in 61% yield. The protecting group
of ε-amine, carboxylbenzyl (Cbz), was removed from 6 via
hydrogenation to give scaﬀold 7 in 91% yield for T-SMDC
construction. Strategically the lysine center of 7 was chosen to
provide two amino groups for the incorporation of the PSMA
targeting moiety at ε-position and the DM1 molecule at the αposition. The presence of a free and one protected amine
makes 7 a versatile and ﬂexible scaﬀold for further T-SMDC
construction.
In parallel, the tetraethylene glycol based linker 8 was
attached to the ε-amine handle of a PSMA ligand containing
Lys-Urea-Glu 9,39 using carbodiimde chemistry to give a
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human serum, 68Ga-NO3A-DM1-Lys-Urea-Glu remained
>98% intact out to 3 h.
In Vitro Cell Assays. To maintain the PSMA binding
aﬃnity of the Lys-Urea-Glu motif, a PEG-based spacer was
introduced to separate the PSMA ligand from the rest part of
T-SMDC. To verify the design, the PSMA binding aﬃnity of TSMDC 1 was measured by a competitive binding assay in
LNCaP cells (PSMA positive) using an 125I-labeled Lys-UreaGlu analog (125I-12, Figure 1) as the radioligand. Because the
Lys-Urea-Glu analog has no available functional group for
direct radioiodination, a Bolton-Hunter moiety was introduced.
The speciﬁc activity of 125I-12 was over 74 GBq/μmol based on
the HPLC measurement. The in vitro PSMA binding aﬃnities
of T-SMDC 1 were calculated by measuring the concentration
of T-SMDC required to displace 50% of LNCaP cell bound
125
I-12. The free Lys-Urea-Glu ligand served as the positive
control. T-SMDC 1 inhibits the binding of 125I-12 to LNCaP
cells in a dose-dependent manner as shown in Figure 1. A slight
decrease of PSMA binding aﬃnity was observed for T-SMDC 1
(IC50 (inhibitory concentration where 50% of the 125I-12
bound on LNCaP cells were displaced): 187 ± 41 nM) as
compared to the unmodiﬁed Lys-Urea-Glu ligand (IC50: 96 ±
16 nM) indicating the PSMA targeting property of T-SMDC 1
was not signiﬁcantly compromised by our chemical modiﬁcations.

Figure 2. In vitro cell assays. (A) Total cell uptake versus nonspeciﬁc
uptake of 68Ga-NO3A-DM1-Lys-Urea-Glu in the absence and
presence of Lys-Urea-Glu ligand (1 mM), respectively. (B)
Normalized uptake of 68Ga-NO3A-DM1-Lys-Urea-Glu in LNCaP
and PC-3 cells; the uptake in PC-3 cells is set at 1.0. (C)
Internalization of 68Ga-NO3A-DM1-Lys-Urea-Glu in LNCaP cells.
(D) Comparative EC50 values of NO3A-DM1-Lys-Urea-Glu in
LNCaP, C4-2, and PC-3 cells (the EC50 of DM1 in each cell line is
set at 1.0). The EC50 value (half maximal eﬀective concentration) was
measured and averaged by three independent experiments. (E)
Western blot assays of PSMA in LNCaP, C4-2, and PC-3 cells.

included in the assays as an internal positive standard to
compare the toxicity of NO3A-DM1-Lys-Urea-Glu among the
three cell lines. The normalized toxicity data in each cell line are
shown in Figure 2D. The T-SMDC of NO3A-DM1-Lys-UreaGlu presented the highest toxicity in LNCaP cells. The
decreasing toxicity trend (LNCaP > C4-2 > PC-3) observed
correlates with the PSMA expression levels in the cells (LNCaP
> C4-2 > PC-3, Figure 2E). In comparison to the free DM1
drug, NO3A-DM1-Lys-Urea-Glu was less toxic in all three cell
lines. The reduced toxicity of the T-SMDC is desirable to
alleviate the acute side eﬀects of the drug carried (DM1) to
normal tissues when systematically administered.
Small Animal PET/CT Imaging. Small animal PET/CT
imaging studies were conducted in SCID mice bearing both
PC3-PIP (PSMA positive, left shoulder) and PC3-Flu (PSMA
negative, right shoulder) xenografts to evaluate the designed
PSMA-speciﬁc imaging potential of 68Ga-NO3A-DM1-LysUrea-Glu. The representative PET/CT images presented as
the maximum intensity projection (MIP) are shown in Figure
3A. As expected, the PSMA positive PC3-PIP tumor (4.30 ±
0.20%ID/g) was clearly visualized at 1 h postinjection (p.i.),
while the contrast of the PSMA negative PC3-Flu tumor was
barely above the background. The quantitative analysis of the
images demonstrated a signiﬁcant uptake diﬀerence of 68GaNO3A-DM1-Lys-Urea-Glu in PC3-PIP (4.30 ± 0.20%ID/g)
and PC3-Flu (1.12 ± 0.42%ID/g) tumors (p < 0.01; n = 3),
indicating the anticipated PSMA imaging speciﬁcity of 68GaNO3A-DM1-Lys-Urea-Glu. At 1 h p.i., most radioactivity had
been excreted into the urine from most of normal organs except
for the kidneys. The observed high renal uptake (7.33 ± 2.25%
ID/g) resulted from the well-recognized PSMA expression in

Figure 1. In vitro cell binding assay. The PSMA binding aﬃnities of
Lys-Urea-Glu and T-SMDC 1 were measured by a competitive cellbinding assay using PSMA positive LNCaP cell line and 125I-12 as the
PSMA-speciﬁc radioligand. The IC50 values of Lys-Urea-Glu and TSMDC 1 were determined to be 96 ± 16 (coeﬃcient of determination
R2 = 0.99) and 187 ± 41 nM (R2 = 0.98), respectively.

The PSMA-mediated uptake and internalization of 68GaNO3A-DM1-Lys-Urea-Glu were evaluated using LNCaP cells
and PC-3 cells. The nonspeciﬁc uptake of 68Ga-NO3A-DM1Lys-Urea-Glu in LNCaP and PC-3 cells was assessed in the
presence of the Lys-Urea-Glu ligand at 1 mM. The total cell
uptake versus nonspeciﬁc uptake of 68Ga-NO3A-DM1-LysUrea-Glu in LNCaP cells was signiﬁcantly higher than in PC-3
cells (Figure 2A). When normalized to the cell numbers, the
uptake in LNCaP cells becomes even higher than in PC-3 cells
(Figure 2B). This observation indicates that the cell uptake of
68
Ga-NO3A-DM1-Lys-Urea-Glu is mediated by PSMA. As
expected, 68Ga-NO3A-DM1-Lys-Urea-Glu displayed an appreciable level of internalization in a time-dependent manner in
the absence of Lys-Urea-Glu ligand (Figure 2C). This serves as
the mechanism for intracellullar delivery of T-SMDC for
PSMA-targeted imaging and therapy.
Toxicity Determination. The cytotoxicity of NO3A-DM1Lys-Urea-Glu was measured on three prostate cancer cell lines
with diﬀerent PSMA expression levels. The DM1 free drug was
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through a 10 cm column of Chelex resin (Bio-Rad Laboratories,
Hercules, CA) before use. NMR (Nuclear magnetic resonance)
spectroscopy was performed on a Bruker 400 MHz NMR.
HPLC was performed using a Waters HPLC equipped with a
Waters Xterra Shield RP18 semiprep column (250 × 10 mm,
10 μm) and read by a Waters 2996 photodiode array detector
and an in-line Shell Jr. 2000 radiodetector, using a gradient of
0:100 MeCN/H2O (both with 0.1% TFA) to 100:0 MeCN/
H2O within 50 min. Bulk solvents were removed using rotary
evaporator under reduced pressure at 40 °C. For accurate
quantiﬁcation of radioactivity, experimental samples were
counted for 1 min on a calibrated PerkinElmer (Waltham,
MA) Automatic Wizard2 Gamma Counter. The 68Ge/68Ga
generator system was purchased from iThemba Laboratories
(Somerset west, South Africa). Radiolabeled conjugates were
puriﬁed by Light C-18 Sep-Pak cartridges (Waters, Milford,
MA). Mass spectrum characterization was performed by LCMS (Agilent 6540 Accurate-Mass Quadrupole Time-of-Flight
LC/MS equipped with 1290 UPLC).
Compound 4. To a solution of the acid 3 (5.0 g, 13.1
mmol) in dry THF (10.0 mL) was added the solution of amine
2 (8.69 g, 39.4 mmol) dissolved in dry THF (10.0 mL). To the
resulting mixture was added triethyl amine (1.59 g, 15.7 mmol)
and N,N′-dicyclohexylcarbodiimide (3.25 g, 15.7 mmol). The
resulting solution was stirred overnight at room temperature.
The reaction mixture was then ﬁltered and the solvent was
removed under vacuum to aﬀord a crude product. The crude
product was puriﬁed by silica gel based ﬂash chromatography to
give colorless viscous oil 4 (1.68 g, 2.89 mmol, 22%). 1H NMR
(300 MHz, CHCl3): δ 1.36 (s, 9H, t-Bu’s), 1.40−1.60 (m, 4H),
1.68 (m, 4H), 1.88 (m, 2H), 3.09 (m, 4H), 3.23 (m, 2H),
3.38−3.64 (m, 12H), 3.99 (m, 1H), 5.02 (s, 1H), 7.59 (m, 2H),
7.84 (m, 3H). 13C NMR (75 MHz, CHCl3): δ 22.5, 26.3, 28.1,
28.9, 31.9, 36.7, 39.5, 40.3, 49.6, 54.7, 66.2, 68.4, 69.5, 69.9,
79.6, 127.8, 128.3, 136.6, 155.9, 156.8, 173.3. MS (ESI) m/z
calcd for C29H50N4O8: 582.3; found: 583.3 ([M + H]+).
Compound 6. To a solution of the acid 5 (0.5 g, 0.92
mmol) in dry THF (5.0 mL) was added the solution of amine 4
(0.64 g, 1.11 mmol) dissolved in dry THF (5.0 mL). To the
resulting mixture was added triethylamine (0.11 g, 1.11 mmol)
and N,N′-dicyclohexylcarbodiimide (0.23 g, 1.11 mmol). The
resulting solution was stirred overnight at room temperature.
The reaction mixture was then ﬁltered and the solvent was
removed under vacuum to aﬀord a crude product, which was
puriﬁed by silica gel based ﬂash chromatography to give
colorless viscous oil 6 (0.62 g, 0.56 mmol, 61%). 1H NMR (300
MHz, CHCl3): δ 1.12−1.56 (m, 36H, t-Bu’s), 1.62−2.41 (m,
10H), 2.55−3.36 (m, 20H), 3.36−3.72 (m, 12H), 3.74−4.19
(m, 6H), 4.72 (m, 1H), 5.01 (s, 2H), 7.23 (m, 2H), 7.58 (m,
2H). 13C NMR (75 MHz, CHCl3): δ 22.4, 25.5, 27.7, 27.8,
28.1, 28.9, 32.3, 36.7, 36.9, 40.2, 45.8, 49.5, 50.6, 54.5, 55.5,
63.3, 65.9, 66.8, 68.8, 69.7, 70.0, 79.2, 82.0, 127.5, 127.7, 128.2,
136.7, 155.7, 156.7, 171.4, 172.5. MS (ESI) m/z calcd for
C56H97N7O15: 1107.7; found: 1108.7 ([M + H]+).
Compound 7. Carboxylbenzyl protected compound 6
(0.62 g, 0.56 mmol) was dissolved in 5 mL of ethanol and
the solution was degassed (N2) for 5 min. To the above
solution was added 10% Pd/C (10 mg). The suspension was
shaken in a hydrogenator (Parr, Moline, Illionis) at room
temperature for 16 h under a H2 atmosphere (60 psi). The
suspension was ﬁltered through Celite and the solvent was
evaporated under vacuum. The obtained crude oil was puriﬁed
by column chromatography to provide viscous oil 7 (0.56 g,

Figure 3. (A) Representative PET/CT image of 68Ga-NO3A-DM1Lys-Urea-Glu in SCID mice bearing PC3-PIP (PSMA positive, left
shoulder) and PC3-Flu (PSMA negative, right shoulder) xenografts (n
= 3). (B) Quantitative organ uptake (%ID/g) derived from the PET
images. ROI: regions of interest.

rodent proximal renal tubules, which is not of concern in
humans.28,40 Liver, a major organ clearing the free DM1 drug,
did not show a signiﬁcant level of the radioactivity
accumulation (0.42 ± 0.10%ID/g), indicating a desirable in
vivo distribution proﬁle of the T-SMDC for reduction of the
systemic toxicity of DM1.
In summary, we have designed a targeted theranostic smallmolecule drug conjugate (T-SMDC) system, and successfully
synthesized a sample compound of T-SMDC, which consists of
a PSMA-speciﬁc ligand, a PET imaging moiety, and a cytotoxic
drug. The resulted T-SMDC retains the PSMA binding aﬃnity
and exhibits PSMA-dependent toxicity. When labeled with
68
Ga, the T-SMDC is capable of speciﬁc imaging PSMAexpressing cancer xenografts in mice. We recognize that the
DM1 drug carried by the T-SMDC in the injected dose for
PET imaging is low (ca. 0.1 nmol) to elicit the desired
anticancer eﬀects. In addition to taking advantage of the
multivalent NOTA scaﬀold for multipresentation of DM1, we
will consider three other approaches in our future work to
realize the goal of the theranostic design concept for precision
cancer patient care: (i) increase the injection dose to the level
that speciﬁc PSMA binding allows; (ii) fractionate a therapeutic
dose into multiple imaging doses. The PSMA-mediated
internalization mechanism can be exploited for multiple
administrations of an imaging dose until the desired DM1
dose is delivered, of which only one 68Ga-NO3A-DM1-LysUrea-Glu dose is needed while others are its cold gallium
counterpart to avoid unnecessary radiation exposure; (iii) have
PET imaging with 68Ga-NO3A-DM1-Lys-Urea-Glu only serve
the companion purpose for precision chemotherapy of DM1
delivered by the T-SMDC formulated with cold Ga(III). It is
noteworthy that the T-SMDC design is versatile in that it can
be applied to other targeting systems for developing
theranostics of the corresponding diseases.

■

MATERIALS AND METHODS
All chemicals, unless otherwise noted, were acquired from
Sigma-Aldrich (St. Louis, MO) and used as received without
further puriﬁcation. All water used for buﬀer preparation was
ultrapure (Milli-Q, Millipore, Billerica, MA) and passed
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0.51 mmol, 91%). 1H NMR (300 MHz, CHCl3): δ 1.07−1.49
(m, 36H, t-Bu’s), 1.63 (m, 10H), 1.73−2.06 (m, 4H), 2.26 (m,
2H), 2.62−3.02 (m, 10H), 3.04−3.35 (m, 10H), 3.35−3.57 (m,
12H), 3.63−4.02 (m, 5H). 13C NMR (75 MHz, CHCl3): δ
22.1, 25.4, 26.5, 27.8, 28.1, 28.8, 32.3, 37.1, 39.4, 45.8, 49.6,
50.7, 54.4, 55.6, 63.2, 66.9, 69.4, 69.9, 79.5, 82.4, 160.3, 160.6,
171.1, 172.9. MS (ESI) m/z calcd for C48H91N7O13: 973.6;
found: 974.6 ([M + H]+).
Compound 8. 8 was synthesized per the published
procedure.41
Compound 9. 9 was synthesized per the published
procedure.39
Compound 10. To a solution of the acid 8 (10.15 g, 18.5
mmol) in dry THF (10.0 mL) was added the solution of amine
9 (3 g, 6.15 mmol) dissolved in dry THF (10.0 mL). To the
resulting mixture was added triethylamine (1.24 g, 12.3 mmol)
and N,N′-dicyclohexylcarbodiimide (1.77 g, 8.61 mmol). The
resulting solution was stirred overnight at room temperature.
The reaction mixture was then ﬁltered and the solvent was
removed under vacuum to aﬀord a crude product, which was
puriﬁed by silica based ﬂash chromatography to give colorless
viscous oil 10 (1.24 g, 1.53 mmol, 25%). 1H NMR (300 MHz,
CHCl3): δ 1.0−1.30 (m, 27H, t-Bu’s), 1.46−2.04 (m, 8H),
2.15−2.39 (m, 2H), 2.73−3.53 (m, 24H), 3.81−4.12 (m, 2H),
6.9−7.45 (bm, 3H, NHs), 10.16 (bs, 1H, COOH). 13C NMR
(75 MHz, CHCl3): δ 22.2, 27.7, 31.3, 34.7, 36.2, 38.7, 45.9,
52.7, 53.4, 66.9, 70.0, 80.2, 81.1, 81.5, 157.7, 172.1, 172.3,
173.7. MS (ESI) m/z calcd for C38H69N3O15: 807.5; found:
808.5 ([M + H]+).
Compound 11. To a solution of the acid 10 (0.49 g, 0.61
mmol) in dry THF (4.0 mL) was added the solution of amine 7
(0.56 g, 0.51 mmol) dissolved in dry THF (3.0 mL). To the
resulting mixture was added triethylamine (0.06 g, 0.61 mmol)
and N,N′-dicyclohexylcarbodiimide (0.13 g, 0.61 mmol). The
resulting solution was stirred overnight at room temperature.
The reaction mixture was then ﬁltered and the solvent was
removed under vacuum to aﬀord a crude product, which was
puriﬁed by silica gel based ﬂash chromatography to give
colorless viscous oil with six tert-butyl groups and one Boc
group. (0.31 g, 0.18 mmol, 35%). 13C NMR (75 MHz, CHCl3):
δ 22.2, 22.6, 24.6, 25.2, 25.6, 27.8, 28.1, 28.7, 30.2, 31.4, 31.8,
32.0, 32.9, 36.1, 37.5, 38.9, 45.8, 49.7, 50.6, 52.9, 53.4, 55.6,
56.5, 63.3, 66.9, 68.8, 69.1, 69.8, 69.9, 80.5, 81.4, 81.9, 82.5,
159.5, 159.9, 171.1, 172.2, 172.9, 173.1. MS (ESI) m/z calcd for
C86H158N10O27: 1763.1; found: 1764.1 ([M + H]+).
To the protected conjugate (0.31 g, 0.18 mmol) was added
triﬂuoroacetic acid (5.0 mL). The resulting solution was stirred
overnight at room temperature. The solvent was then removed
under vacuum to aﬀord a crude product which was puriﬁed
over reversed-phase HPLC (5% Acetonitrile/95% H2O to 50%
Acetonitrile/50% H2O over 30 min, all solvent contained 0.1%
TFA), fractions containing the product were pooled and
lyophilized to give colorless viscous oil 11 (0.31 g, 0.15 mmol,
81%). MS (ESI) m/z calcd for C57H102N10O25: 1326.7; found:
1327.7 ([M + H]+).
Compound 1. To a solution of primary amine 11 (10 mg,
7.52 μmol) in dry DMF (1.0 mL) was added succinimidyl 3-(2pyridyldithio)propionate (SPDP, Thermo Scientiﬁc Pierce, 3
mg, 9.61 μmol). To the resulting mixture was added
triethylamine (1 mg, 9.9 μmol) and the resulting solution
was stirred overnight at room temperature for 6 h. The solvent
was then removed under vacuum to aﬀord a crude product
which was puriﬁed over reversed-phase HPLC (5% Acetoni-

trile/95% H2O to 50% Acetonitrile/50% H2O over 25 min, all
solvent contained 0.1% TFA), fractions containing the product
were pooled and lyophilized to give colorless viscous oil with
activated disulﬁde bond. (6 mg, 3.84 μmol, 51%). MS (ESI) m/
z calcd for C65H109N11O26S2: 1523.7; found: 1524.7 ([M +
H]+).
Activated compound (5 mg, 3.3 μmol) and the thiol
terminated DM1 drug (3 mg, 4.0 μmol) were dissolved in
degassed MeOH (0.5 mL) and stirred for 6 h at room
temperature. The reaction mixture was directly puriﬁed over
reversed-phase HPLC (5% Acetonitrile/95% H2O to 50%
Acetonitrile/50% H2O over 25 min, all solvent contained 0.1%
TFA), fractions containing the product were pooled and
lyophilized to give colorless viscous oil 1 (2 mg, 1.0 μmol,
31%). MS (ESI) m/z calcd for C89H140ClN13O33S2: 2018.8;
found: 2019.8 ([M + H]+).
Compound 12. To a solution of the acid 10 (0.5 g, 0.62
mmol) in dry THF (4.0 mL) was added the solution of
ethylenediamine (0.13 g, 0.62 mmol) dissolved in dry THF
(4.0 mL). To the resulting mixture was added triethylamine
(0.06 g, 0.61 mmol) and N,N′-dicyclohexylcarbodiimide (0.13
g, 0.61 mmol). The resulting solution was stirred overnight at
room temperature. The reaction mixture was then ﬁltered and
the solvent removed under vacuum to aﬀord a crude product.
To this, was added triﬂuoroacetic acid (5.0 mL). The resulting
solution was stirred overnight at room temperature. The
solvent was then removed under vacuum to aﬀord a crude
product which was puriﬁed over reversed-phase HPLC (5%
Acetonitrile/95% H2O to 50% Acetonitrile/50% H2O over 30
min, all solvent contained 0.1% TFA), fractions containing the
product were pooled and lyophilized to give the intermediate
compound. This intermediate compound was further reacted
with N-sulfosuccinimidyl-3-(4-hydroxyphenyl)propionate to
provide colorless viscous oil 12 (0.11 g, 0.13 mmol, 22%)
after HPLC puriﬁcation. MS (ESI) m/z calcd for C37H59N5O16:
829.4; found: 830.4 ([M + H]+).
Cell Culture and Animal Model. LNCaP, PC-3, and C4-2
cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). The PC-3 cell line was
cultured in T-media (Invitrogen Corporation, CA) supplemented with 5% fetal bovine serum (FBS) and 1% Penicillin/
Streptomycin (PS). LNCaP cells were cultured in RPMI 1640
media (HyClone, Thermo Scientiﬁc, IL), with 2.05 mM Lglutamine supplemented with 10% FBS. C4-2 cell line was
cultured in DMEM media (Invitrogen Corporation, CA)
supplemented with 5% FBS. The PC3-PIP and PC3-Flu cell
lines were kindly provided by Dr. Martin G. Pomper from John
Hopkins University. The PC3-PIP and PC3-Flu cell lines were
cultured in RPMI media with FBS (10%), penicillin/
streptomycin, and 2 μg/mL of Puromycin. All cells were
cultured at 37 °C in an atmosphere of 5% CO2 and passaged at
75−90% conﬂuency.
For animal model, PC3-PIP cell suspension was injected
subcutaneously (2 × 106 cells in 100 μL Hank’s Buﬀered Salt
Solution) into the left shoulder, and PC3-Flu cell suspension
(1.5 × 106 cells in 100 μL Hank’s Buﬀered Salt Solution) was
injected subcutaneously into the right shoulder on the same
mouse. After injection, animals were monitored twice a week by
general observations.
Radiochemistry. To a 1.5 mL vial containing 15 μg of
NO3A-DM1-Lys-Urea-Glu conjugate in 90 μL of 4.0 M
NaOAc solution, 148−222 MBq of 68Ga3+ in 0.3 mL of 0.6
M HCl was added. The pH of the ﬁnal reaction mixture was
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pH 7.4). Cells were then incubated with ∼6.0 × 105 CPM
Ga-NO3A-DM1-Lys-Urea-Glu in 0.4 mL binding buﬀer for 1,
10, 30, 60, and 120 min. At the end of incubation cells were
washed once with ice-cold binding buﬀer and then incubated
twice for 5 min with 0.5 mL ice-cold low pH stripping buﬀer
(150 mM NaCl, 50 mM glycine, pH 3.0) to remove surface
bound 68Ga-NO3A-DM1-Lys-Urea-Glu and the fractions
combined and saved in a culture tube. Cells were then
incubated with 0.5 mL 4 M NaOH at 37 °C for 15 min. NaOH
solubilized cells that contained the internalized 68Ga-NO3ADM1-Lys-Urea-Glu were placed in separate culture tubes. Both
surface bound and internalized radioactivity were counted in a
2480 automatic gamma counter (PerkinElmer). Internalized
68
Ga-NO3A-DM1-Lys-Urea-Glu was expressed as the percent
of internalized activity to the total bound activity.
Toxicity Assay (Crystal Violet Method). C4-2, LNCaP,
and PC-3 cell lines were regularly maintained in RPMI 1640
(Life Technologies) supplemented with 10% fetal bovine serum
(FBS). For the growth curves, 4000 cells were seeded per well
in 96-well plates. Twenty-four hours after seeding, the cells
were treated with DM1 and NO3A-DM1-Lys-Urea-Glu
respectively at a series of concentrations (0.3, 1, 3, 10, 30,
100, 300, 1000, and 3000 nM; n = 6 per concentration). After
36 h of treatment, cells were washed once by PBS, then ﬁxed in
100 μL/well 1% glutaraldehyde (Sigma-Aldrich) for 15 min,
then stained with 100 μL/well 0.5% crystal violet (SigmaAldrich) for 15 min and each well was gently washed with
running water. Then crystal violet was dissolved in 100 μL/well
Sorenson’s solution and the relative cell number was
determined by absorbance reading at 560 nm. This experiment
was repeated three times in total.
Western Blot Assay. The cell lysates were harvested, and
equivalent amounts of protein were separated on Bolt 4−12%
Bis-tris Plus gel and transferred to nitrocellulose membranes.
The membranes were blocked with 5% skim milk and then
incubated with primary antibodies indicated overnight at 4 °C.
The membranes were then incubated with horseradish
peroxidase-conjugated secondary antibodies, and signals were
collected by an enhanced chemiluminescent detection system
(Pierce, Rockford, IL) with SuperSignal West Dura extended
duration substrate kit (Thermo). The PSMA antibodies used in
experiment were purchased from Abcam (cat: ab19071).
Small Animal PET/CT Imaging. Small animal PET/CT
imaging was performed with a Siemens Inveon PET/CT
Multimodality System in tumor-bearing SCID mice intravenously received ca. 3.7 MBq of 68Ga-NO3A-DM1-Lys-UreaGlu in 100 μL via the tail vein (n = 3). Prior to imaging, the
mouse was sedated on the imaging bed under 2% isoﬂurane
anesthesia for the duration of imaging. Immediately after the
CT data acquisition that was performed at 80 kV and 500 μA
with a focal spot of 58 μm, static PET scans were conducted at
1 h p.i. for 7.5 min. Both CT and PET images were
reconstructed with manufacturer’s software. Reconstructed
CT and PET images were fused for quantitative data analysis;
regions of interest (ROIs) were drawn as guided by CT and
quantitatively expressed as percent injected dose per gram of
tissue (%ID/g).
Statistical Analysis. Statistical analyses were performed
using GraphPad Prism. A p value less than 0.05 (unpaired t
test) was considered statistically signiﬁcant. All results are
presented as mean ± standard deviation.

4.0−4.5. The reaction mixture was incubated at 60 °C for 15
min. The radiolabeling yields were determined by radio-HPLC.
The mobile phase was H2O with 0.1% TFA (solvent A) and
acetonitrile with 0.1% TFA (solvent B), and the gradient
consisted of 20% B to 100% B in 0−20 min at 1.5 mL/min ﬂow
rate. 68Ga-NO3A-DM1-Lys-Urea-Glu was eluted out at 9.8 min
from the Agilent Eclipse Plus C18 column (3.5 μm, 100 × 4.6
mm).
Serum Stability Assay. The in vitro stability test was
performed in rat serum. Brieﬂy, 68Ga-NO3A-DM1-Lys-UreaGlu (2 MBq, 20 μL) was added into 400 μL of human serum
and incubated at 37 °C for 1 and 3 h. A 100 μL of sample was
taken out and ﬁltered by a 0.2 μm ﬁlter. The resulting solution
was analyzed by radio-HPLC.
Preparation of 125I-12. A Pierce precoated iodination tube
was wetted with 1 mL of Tris buﬀer (pH 7.5). To the
prewetted tube was added 100 μL of Tris buﬀer, followed by 5
μL (37 MBq) of Na125I (PerkinElmer). The iodide was
activated for 6 min at r.t. and then added to compound 12
solution (0.5 μg in 0.025 mL H2O). After 9 min reaction at r.t.,
the mixture was directly applied to semipreparative HPLC (0%
Acetonitrile/100% H2O to 100% Acetonitrile/0% H2O over 50
min, all solvent contained 0.1% TFA). HPLC fractions of 125I12 were collected between 20 and 21 min and then
concentrated by a Sep-Pak Light C18 cartridge.
Competition Assay. The PSMA binding aﬃnities of
NO3A-DM1-Lys-Urea-Glu were determined by a competitive
cell-binding assay using 125I-12 as the radioligand. The urea
Lys-urea-Glu was included as a positive control. Suspended
LNCaP cells in Tris-buﬀered saline (TBS) were seeded on
multiwell DV plates (Millipore) with 5 × 104 cells per well, and
then incubated with 125I-12 (33 000 cpm/well) in the presence
of increasing concentrations (0−10 000 nM) of Lys-Urea-Glu
ligand and NO3A-DM1-Lys-Urea-Glu at r.t. for 2 h (n = 4).
The ﬁnal volume in each well was maintained at 200 μL. At the
end of incubation, unbound 125I-12 was removed by ﬁltration
followed by ﬁve-time rinses with cold TBS buﬀer. The ﬁlters
were collected and their radioactivity was measured. The bestﬁt IC50 values of Lys-Urea-Glu ligand and NO3A-DM1-LysUrea-Glu were calculated by ﬁtting the data with nonlinear
regression using GraphPad Prism 6.0.
Cell Uptake Assay. Cell uptake experiments were
performed in the PSMA positive LNCaP cell line and the
PSMA negative PC-3 cell line. The 6-well plates were seeded
with 5.0 × 105 cells and incubated overnight in a humidiﬁed
incubator at 37 °C with 5% CO2. Cells were rinsed with
binding buﬀer (20 mM Tris, 150 mM NaCl, pH 7.4) and then
incubated with 500 μL binding buﬀer containing ∼6.0 × 105
CPM 68Ga-NO3A-DM1-Lys-Urea-Glu at 37 °C for 1 h. To
account for nonspeciﬁc binding cells from additional 6-well
plates were incubated with 1 mM Lys-Urea-Glu ligand in
addition to the 68Ga-NO3A-DM1-Lys-Urea-Glu. After incubation, the cells were washed with cold binding buﬀer and then
trypsinized. Trypsinized cells were placed in culture tubes and
the radioactivity associated with the cells was counted in a 2480
automatic gamma counter (PerkinElmer). The amount of cells
per well was measured using a TC10 automated cell counter
(Bio-Rad).
Internalization Assay. Cell internalization experiment was
performed in PSMA positive LNCaP cell line. The 12-well
plates were seeded with 2.0 × 105 cells and incubated overnight
in a humidiﬁed incubator at 37 °C with 5% CO2. Cells were
washed once with binding buﬀer (20 mM Tris, 150 mM NaCl,
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