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Abstract

The objective of this research was to develop and validate new macromolecular
imaging agents to detect and characterize malignant tumours. Using well-defined, highly
branched macromolecules called dendrimers as the structural scaffold, efficient
functionalization of the periphery was demonstrated using “click” chemistry in order to
prepare multivalent imaging probes. Furthermore, a transmetalation was demonstrated to
displace chelated copper with technetium, enabling “click” reactions to be performed in
the presence of the dipicolylamine (DPA), a ligand known to chelate many metals.

The dendritic scaffold was functionalized with either hydrophobic or hydrophilic
targeting vectors. The hydrophobic ligand, an acyloxymethyl ketone targeting the
overexpression of cathepsin B exhibited poor in vitro affinity when coupled to either G1
or G2 dendrimers, despite the use of various linkers. A glu-urea-lys dipeptide,
representing a hydrophilic prostate specific membrane antigen targeting vector,
demonstrated excellent affinity in vitro. The lead compound, a G2 dendrimer bearing four
PSMA targeting vectors attached via an alkyl spacer was further investigated in vitro and
in vivo. Unfortunately, poor tumor uptake was observed and the compound was
hypothesized to hydrolyze readily (<15min), based on the in vitro plasma stability data.
To rectify the aforementioned problem, non neo-pentyl esters were replaced with either
carbamate or ether linkages. In vitro plasma stability analysis of the analogous
compounds demonstrated increased stability. In particular, the ether analogue was found

to be most stable, with minimal degradation observed after 4 hours.
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Ph.D Thesis - Lukas P. Sadowski McMaster - Chemistry & Chemical Biology

1.1.  Introduction to Polymers and Polymer Architecture

Polymer chemistry, involving the synthesis and properties of polymers,
encompasses a wide-range of diverse subdisciplines. The field of polymer chemistry, also
referred to as macromolecular chemistry, ranges from natural polymers such as
deoxyribonucleic acids (DNA) and proteins, which are vital to all living things, to
synthetic polymers such as poly(ethylene) and poly(styrene) which are common plastics
manufactured on hundred million-ton scales worldwide and are invaluable for modern-
day living." The countless innovations in polymer chemistry over the past several decades
are undoubtedly due to the continuous dedication to research in this field by scientists
across the world. There are numerous examples of polymers with exceptional properties,
including, but not limited to, classic examples such as Teflon® and Kevlar,” which are
based on fluorinated polymers and polymers with a rigid network of H-bonds,
respectively. Furthermore, it is possible to prepare biocompatible, degradable polymers

that are specifically designed for biomedical applications such as in vivo stents,® drug

7 8-10

delivery,”” or even tissue engineering. The wide-range of material possibilities,
potential applications, and tunable properties are just a few of the reasons polymer
chemistry has become so successful and world-renowned to date.

Polymer architecture is one of the fundamental concepts within polymer
chemistry. Similar to proteins, the architecture of synthetic polymers can have a
pronounced effect on the resulting properties and therefore, controlling the architecture is

of great interest. This type of control can be achieved through tuning the properties of the

monomeric unit, and controlling the degree of branching within the polymer backbone.
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Branched polymers are known to have considerably different properties compared to their
linear analogues, such as crystallinity, hydrodynamic radius and solubility.'' The ability
to fine-tune these parameters allows for the preparation of modular materials with a
diverse array of potential applications. Dendrimers are one class of branched polymers
that have unique properties and characteristics (Figure 1.1). These properties make

dendrimers highly suitable for many biomedical applications, and will be the focus of this

thesis.
Linear Polymers Dendritic Polymers
Monodisperse frameworks Polydisperse frameworks
R oA 40, Y Ty g
| \ / ) q *(vp g Lz ~( , q s
O ¥ § ’*ﬂn 4%
oS K _fa g A <
DAANS w AES z-j;rvwé
Den wrs Dendrons Dendrigrafts Dendritic-Lincar

l lymers Hybrids
Figure 1.1. Schematic diagram of linear and dendritic polymer architectures. Reproduced

from Ref 12 with permission of The Royal Society of Chemistry.

1.2.  Introduction to Dendrimers

Dendrimers are a class of polymers that are highly branched and structurally
perfect. Unlike hyperbranched polymers, which have random branching points, the
structural perfection of dendrimers, and therefore their monodispersity, is a direct result

of the step-wise growth that is employed when synthesizing this class of compounds.
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Each dendrimer is comprised of a multifunctional core, from which branching units
emanate. Each layer of branching constitutes one generation, while each “wedge” of the

dendrimer is referred to as a dendron, as outlined in Figure 1.2.

A
Core
Focal point
End Group
AB, Monomer Generation4 dendron Generation4 (G4) dendrimer

Figure 1.2. Cartoon scheme representing the main structural components of a dendrimer.

Reproduced from Ref 12 with permission of The Royal Society of Chemistry.

The outermost layer of the dendrimer is referred to as the periphery and typically
comprises approximately half of the dendrimer’s mass. The periphery dictates the
macroscopic properties of the dendrimer, such as solubility. The high number of
peripheral groups often contributes to site isolation of the core, creating a unique
microenvironment. This core microenvironment has the ability to encapsulate guest
molecules of different sizes, leading to host-guest interactions, in a phenomenon referred
to as the “dendritic box”, which has been shown to release the guest molecules in a

controlled manner and has potential for numerous biomedical applications.'*"*
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1.3.  History of Dendrimers

The synthesis of branched architectures in a controlled manner by using AB;
monomers was first hypothesized by P.J. Flory in 1952."° An AB, monomer refers to a
molecule that contains one type of a certain functionality (A) and two of another
functionality (B). By controlling the reactivity of A and B, it is possible to create a
hyperbranched polymer, provided that crosslinking can be suppressed. In 1978, Vogtle
became the first chemist to report the synthesis of branched molecular architectures,
which he referred to as “cascade polymers”, based on an iterative stepwise process of
Michael additions of an amine onto acrylonitrile, followed by reduction of the nitrile
functionality using a combination of Co(III) and NaBH,.'® Unfortunately, the reduction
was plagued by low yields and side reactions, thereby limiting the synthesis to low
molecular weight branched polymers (Figure 1.3a). Nevertheless, this seminal report on
cascade polymers was the foundation of what later led to the synthesis and
commercialization of polypropylene imine (PPI) dendrimers, which have been used
extensively in research (Figure 1.3b). Using the same sequence of reactions, Meijer was
able to circumvent the problematic reduction of the nitrile moieties using Raney cobalt
and hydrogen,'” while Miilhaupt reported the successful reduction using Raney nickel in

lieu of Raney cobalt.'®
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Figure 1.3. Vogtle’s original synthetic approach to prepare cascade polymers (top) and
structure of a third generation PPI dendrimer prepared independently by Meijer and

Mulhaupt (bottom).'®"®

The term “dendrimer” was first coined by Tomalia in 1985, when he described the
synthetic protocols for preparing dendrimers up to the 7™ generation using ethylene
diamine as the core.'” The elegant step-wise synthesis relied on two high yielding
reactions: a Michael addition of an amine to an acrylate monomer, followed by amidation
between a methyl ester and an amine (Figure 1.4). Therefore, the dendrimer is
synthesized in half-generation steps, with the amine periphery corresponding to whole

number generations (x.0) and the methyl ester periphery corresponding to half



Ph.D Thesis - Lukas P. Sadowski McMaster - Chemistry & Chemical Biology

generations (x.5). Remarkably, by using a large excess of diamine during the amidation
step, crosslinking and intramolecular side reactions are negligible. Due to the alternating
amine and amide functional groups found within the dendrimer, they are referred to as
polyamidoamine (PAMAM) dendrimers. PAMAM dendrimers are produced
commercially, leading to their broad availability, and are the most prevalent dendrimer

within this class of materials.
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Figure 1.4. PAMAM dendrimer synthesis described by Tomalia."
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The synthetic strategy employed by Vogtle and Tomalia to prepare dendrimers is
referred to as the divergent approach. This approach, however, relies on high yielding
reactions in order to obtain complete functionalization at the periphery. To circumvent
this problem, Fréchet and Hawker developed a convergent dendrimer synthesis.”” In this
approach, synthesis of the dendrimer starts with the peripheral groups and builds inwards,
with coupling to the core occurring in the final step. This strategy has been credited with
drastically expanding the interest in dendrimers owing to the structural control and the
ability to precisely prepare and purify high generation, defect-free dendrimers that this

method provides.

1.4. Dendrimer Synthesis

As described above, there are two general strategies for preparing dendrimers:
divergent growth and convergent growth. While each method has advantages and
disadvantages, both synthetic strategies are still used extensively to prepare different

dendritic architectures.

1.4.1. Divergent Dendrimer Synthesis

The divergent synthesis of dendrimers was first employed by Vogtle'® and is the
same method that was later be used by Tomalia'® and Newkome.?' In this approach, the
dendrimer synthesis starts at the core, with the addition of each layer of branching

occurring in a stepwise manner. The reaction of the monomer with the core yields the first
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generation (G1) dendrimer. Each dendrimer generation typically requires two steps: a
branching step and an activation step (Figure 1.5). The branching step adds the
monomeric unit and thus doubles the number of functional groups at the dendrimer
periphery. The “activation” step is used to make the periphery reactive, so that another
layer of branching can be added. This activation step typically involves functional group
conversion (such as reducing the nitriles to amines in PPI dendrimers), addition of a non-
branching reactive unit (such as ethylene diamine in PAMAM dendrimers) or removal of

a protecting group.

a. Activation of surface groups

g. Dendritic growth ‘

Figure 1.5. Cartoon representation of a divergent synthetic strategy. Reproduced from

Ref 22 with permission of The Royal Society of Chemistry.

The divergent synthetic strategy relies on highly efficient reactions that are able to
quantitatively functionalize the periphery of the dendrimer during both activation and
growth steps. This is because purification of dendrimers with defects at the periphery is
not viable, particularly at higher generations. Nevertheless, there are advantages that are

realized by employing a divergent synthetic protocol. Purification is typically simple,
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involving removal of the monomer from the product dendrimer, thus making the process

amenable to commercialization.

1.4.2. Convergent Dendrimer Synthesis

A major milestone that re-invented the dendrimer field came from Fréchet and
Hawker in 1990.° Recognizing that the synthesis of high generation, perfectly
monodisperse dendrimers was limited through divergent means, an alternative synthetic
strategy was proposed: start at the periphery and couple to the core in the final step. This

method was aptly termed the convergent synthesis.

4*‘*"

1 e e %fjg

g. Dendritic growth
a*. Activation of core group

Figure 1.6. Cartoon scheme of convergent dendrimer synthesis. Reproduced from Ref 22

with permission of The Royal Society of Chemistry.

Unlike the divergent synthesis, this method did not rely on quantitative
conversions at every step because the product is easily separable from partially

functionalized side products. Another advantage that is conferred by this method is the
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exquisite control over surface functionality.”” Unfortunately, these advantages are
realized at the expense of a more involved purification process that is required at each
step, typically involving column chromatography. The purification requirement not only
increases the time needed for dendrimer synthesis, but also the cost. However, the
convergent strategy is still the most reliable method for obtaining high purity dendrimers

and is recognized for re-igniting the interest in this class of macromolecules.

1.4.3. Accelerated Dendrimer Synthesis

The desire to prepare dendrimers in a reduced number of steps has led to many
innovative strategies. For example, hypermonomer approaches (ABy, where x > 2) have
been used to increase the degree of branching with each generation growth.>** Another
approach to expedite the synthesis of high generation dendrimers is referred to double
stage convergent growth.”> This method relies on the parallel synthesis of low generation
dendrons and low generation dendrimer (sometimes referred to as a hypercore). The final
step consists of coupling dendrons to the hypercore, yielding a high generation dendrimer.
Alternatively, a double stage exponential growth relies on functionalizing a portion of the

same dendrimer material at the core and the other portion at the periphery (Figure 1.7).

10
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Figure 1.7. Cartoon schematic of a double stage exponential growth dendrimer synthesis.
Reproduced from Ref 27 with permission of The Royal Society of Chemistry (RSC) on
behalf of the European Society for Photobiology, the European Photochemistry

Association and the RSC.

The accelerated synthesis of dendrimers takes advantage of two monomers with
orthogonal reactivity, typically referred to as AB, and CD,, in order to grow each
dendrimer generation in a single synthetic step (Figure 1.8). This confers a major
advantage in preparing high generation dendrimers, as the iterative two-step process of
coupling followed by activation to prepare each generation of a dendrimer can be reduced

to a single step.

11
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Figure 1.8. Cartoon scheme of an accelerated dendrimer synthesis using AB, and CD;

monomers. Reproduced from Ref 12 with permission of The Royal Society of Chemistry.

This concept was first reported by Fréchet and Spindler, however, the limitations
of their synthetic approach precluded the synthesis of high generation dendrimers.** The
first successful accelerated dendrimer synthesis to prepare high generation dendrimers
was first reported by Zimmerman, which was based on the iterative Mitsunobu
esterification and Sonogashira couplings.”’ Since the pioneering work of Fréchet and
Zimmerman, there have been many successful reports on the accelerated synthesis of

. 28,29
dendrimers.””

For example, an elegant “activated” monomer design enabled the
preparation of a poly(benzyl ester) dendrimer in a facile manner.”® The concept has been
applied to many different dendritic scaffolds, including phosphorus based dendrimers, as
reported by Majoral and co-workers.”’ With the advent of “click” chemistry,’> Malkoch
reported the accelerated synthesis of dendrimers based on the Cu(l) catalyzed alkyne

azide cycloaddition (CuAAC) and etherification reactions.”® The ability to prepare high

generation dendrimers in an accelerated and timely manner was further demonstrated by

12
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utilizing two orthogonal click reactions: CUAAC and thiol-ene click (TEC).>* The facile
and elegant monomer design, coupled with minimal purification culminated in the
synthesis of a sixth generation dendrimer in a single day, starting from the two

monomers.

1.5. Dendrimers for Materials Applications

Despite the many properties that are unique to dendrimers, their long synthetic
protocols have limited their use in materials applications. Nevertheless, there are
numerous fundamental studies and academic endeavors that have made use of dendrimers
for catalysis,”> light harvesting,”® surfactants,’’ sensors® and supramolecular
architectures.”” The aforementioned examples highlight the versatility of potential
applications that dendrimers possess in a broad range of sub-disciplines. Figure 1.9
illustrates the advantage of a dendritic scaffold for a) light harvesting by acting like an
antenna and b) signal amplification via a self-immolative backbone. For bulk materials,
hyperbranched polymers are often used in lieu of dendrimers. For example, the
commercially available Boltorn™, which are polydisperse hyperbranched polymer
analogues of bis-MPA dendrimers are used to enhance the mechanical properties in epoxy

and polyurethane resins.**!

13
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Figure 1.9. Schematic representation of a light harvesting dendrimer antenna (top) and
self-immolative dendrimers used for signal amplification or drug delivery (bottom).
Reprinted from Journal of Luminescence, 111, Flomenbom, O., Amir, R.J., Shabat, D.,
Klafter, J. Some New Aspects of Dendrimer Applications, 315-325, Copyright 2005, with

permission from Elsevier.

1.6. Dendrimers for Biomedical Applications

The vast majority of research within the dendrimer community is geared toward
biomedical applications. This is largely due to the fact that dendrimers are relatively more
time consuming and thus expensive to prepare compared to hyperbranched polymers.
This high cost is offset by the exquisite synthetic control and reproducibility that is

afforded by the dendritic scaffold, two features that are particularly important when

14
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preparing materials for biomedical applications. Nevertheless, commercial availability of
PAMAM, PPI, 2,2-Bis(hydroxymethyl)propionic acid (Bis-MPA) and phosphorus
containing dendrimers has allowed for their continued exploration in a variety of fields.
With respect to biomedical applications, the periphery of positively charged dendrimers
such as PAMAM and PPI leads to cytotoxicity problems due to cell membrane disruption.
In particular, the ability for cells to transport biomolecules through the cell membrane is
lost due to the interaction between the cationic dendrimer periphery and the anionic

groups present on the cell surface.***

To avoid the issue of cytotoxicity, peripheral
modification is necessary to mask the cationic character of these dendrimers. For
example, PAMAM dendrimers that have been peripherally-functionalized with PEG do
not display the same cytotoxicity as unfunctionalized PAMAM dendrimers.** Given the
variety of dendritic scaffolds that have been reported, there are just a few that have been
extensively investigated for biomedical applications owing to their commercial

availability, ease of synthesis, and/or ease of functionalization and biocompatibility

(Figure 1.10).
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Figure 1.10. Dendrimer architectures that have been at the forefront of biomedical

applications: a) PAMAM b) poly(aryl) ether c¢) poly(lysine) d) bis-MPA e) Poly(glycerol-
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co-maleic acid) and f) poly(glycerol) ether. Reprinted from Drug Discovery Today, 10,
Gillies, E., Fréchet, J.M.J. Dendrimers and Dendritic Polymers in Drug Delivery, 35-43,

Copyright 2005, with permission from Elsevier.

1.6.1. Dendrimers for Drug Delivery

The purpose of drug delivery vehicles is to deliver the payload to the target while
minimizing the toxic effects that chemotherapeutics are known to have on healthy tissues
and organs. To accomplish this feat, drug delivery platforms need to posses a number of
important features, which include facile drug loading, increased solubility and favorable
pharmacokinetics, which corresponds to increased circulation times and the ability to
target the site of disease.”* A successful drug delivery system would be one that is able
to deliver the drug to the site of disease and release it in a steady and continuous manner,
without causing harmful effects to the rest of the body.

Dendrimers as drug delivery vehicles represent a highly active and constantly
evolving area of research. Ever since the introduction of the “dendritic box”,"'
dendrimers been investigated for drug delivery through host-guest interactions,
supramolecular interactions and covalent functionalization. Due to their size and
architecture, dendrimers typically exhibit longer circulation times in vivo, compared to
linear polymers of the same MW, an intrinsic property that is highly desirable in drug
delivery applications. Unlike linear polymers, which can chain extend and be filtered

readily via the renal pores, dendrimers of the same molecular weight retain a 3-

dimensional globular shape, allowing them to bypass the renal filtration system of the

17
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kidneys, as long as they are above the hydrodynamic volume of renal filtration pores
(Figure 1.11). Therefore, by controlling the degree of branching and hydrodynamic
volume of the dendrimer, it is possible to tune the dendrimer circulation time in vivo. For
example, a G1 dendrimer peripherally-functionalized with two 20 kDa PEG chains and a
G3 dendrimer with eight 5 kDa PEG chains both have similar molecular weights, yet the
plasma circulation half life for the G3 dendrimer was found to be 31 hours versus 1.4

hours for the G1 dendrimer.*®
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Figure 1.11. Cartoon schematic illustrating the comparative ease of kidney filtration of a
linear polymer versus a dendrimer. Adapted with permission from Macmillan Publishers

Ltd: Nature Biotechnology (2005, 23 (12), 1517—-1526), copyright 2005.

By increasing circulation times in vivo, through higher generation dendrimers, it is
possible to achieve passive tumour targeting due to the enhanced permeation and

retention effect (EPR).*” This phenomenon is due to rapidly formed vasculature in the

18
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vicinity of a tumour that is highly permeable, coupled with the lack of lymphatic drainage
in the area. Macromolecules can accumulate due to the leaky vasculature, yet are unable
to be cleared readily. Upon reaching the tumour, drug delivery vehicles must be able to
release the drug, preferably in a steady and controlled manner. This can be achieved
through hydrolysable linkages or through passive diffusion. Fréchet and coworkers
demonstrated the feasibility of this approach by attaching doxorubicin (DOX) to the
aforementioned PEGylated dendrimers using acid labile hydrazone linkages.” Complete
tumour regression in mice bearing C-26 colon carcinomas was observed after a single
treatment of the DOX containing dendrimer. Furthermore, DOX uptake by the tumour
was nine-fold higher and over ten-fold less toxic compared to freely administered DOX.

Dendrimers have also been investigated for their potential ability to act as
microbicides. Vivagel®, an anionic dendrimer based on the PAMAM scaffold has been
actively investigated for the prevention of human immunodeficiency virus (HIV) and
sexually transmitted diseases (STDs).” Vivagel is also being investigated as a treatment
for recurring bacterial vaginosis and is currently in phase 3 clinical trials. In addition to
Vivagel®, Ocuseal” is the other commercial product that uses dendrimers for in vivo
use.”’ The product is a PEG based hydrogel with dendritic components that is used
primarily as a wound dressing after cataract surgery.

Lastly, the precise and facile incorporation of carboranes into the bis-MPA
dendritic scaffold has been demonstrated by Adronov and co-workers.”' By incorporating
carboranes within the dendritic scaffold, the resulting polyhydroxylated dendrimers were

found to exhibit excellent water solubility. The high boron content within the dendrimer
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paves the way toward the use of this class of compounds for boron neutron capture

therapy (BNCT) via irradiation of the '’B atoms with thermal neutrons.

1.6.2. Dendrimers for Imaging

While a considerable effort has been made to implement dendrimers in drug
delivery applications, the use of dendrimers as molecular imaging agents has led to many
innovative and remarkable discoveries. Imaging agents based on dendritic scaffolds take
advantage of the multivalent periphery for the attachment of imaging moieties and/or
targeting vectors. Furthermore, the presence of orthogonal chemistry at the periphery and
core facilitates the attachment of multiple imaging modalities, allowing for the facile

preparation of targeted dual modality imaging agents.

1.6.2.1. Principles of Magnetic Resonance Imaging

Magnetic resonance (MR) imaging is a technique that takes advantage of spin
active nuclei (most commonly protons) to visualize tissues. MR imaging is capable of
achieving remarkable resolution and contrast, which only increases with higher magnetic
field strength, enabling visualization of smaller features. These properties make MR
imaging a highly useful diagnostic tool for imaging the brain, cardiovasculature and
musculoskeletal tissue, as well as in the field of oncology. Additionally, contrast agents,
which are typically based on gadolinium (Gd) or paramagnetic iron oxide can further aid

in obtaining higher quality images.
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1.6.2.1.1. Dendrimers as MRI Contrast Agents

The use of dendrimers to enhance contrast in magnetic resonance imaging (MRI)
is a strategy that has been investigated in depth.’” This strategy typically takes advantage
of the multivalent periphery of dendrimers by attaching multiple Gd-DOTA complexes to
decrease the relaxation time of water in the vicinity, thereby improving contrast. By using
large macromolecules, the rate of diffusion of these compounds is reduced, resulting in
greater relaxation time differences and improved image quality. The first account of using
dendrimers for in vivo MRI applications involved PAMAM dendrimers that were
chelated to gadolinium atoms via diethylenetriaminepentaacetic acid (DTPA).” The same
strategy has been used with PPI dendrimers, enabling visualization of sub-millimeter

54
tumours.

1.6.2.2. Nuclear Imaging
The use of radioisotopes for imaging applications, broadly referred to as nuclear

imaging, is a mainstay for modern diagnostic medicine, with 40 million procedures being

55,56

carried out in hospitals each year. This imaging modality can be further differentiated

into positron emission tomography (PET) and single photon emission computed
tomography (SPECT) depending on the radionuclide that is employed. This is because
different radionuclides can decay using different mechanisms.

SPECT imaging detects photons that are directly emitted from the radionuclide as

99 123
T I

it decays. Some of the more commonly used SPECT radionuclides include: c,

b

"In and *’Ga, which typically have longer half-lives compared to PET radionuclides.
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The most utilized SPECT radionuclide in diagnostic medicine is **"Tc, accounting for

55,56 99
85% of nuclear scans.””® 7™

Tc has a half-life of 6.02 hours and an emission energy of
140 keV, making it ideal for imaging applications. It is made readily available through the
decay of *’Mo in *’Mo/”™Tc generators, which enables the transport of these generators
due to the longer half-life of *’Mo (2.75 days).”” Approximately 40% of the world’s *’Mo

f99n1

is produced at Canada’s Chalk River reactor.’® Additionally, production of *"Tc has been

demonstrated using a cyclotron, which reduces the previously encountered supply

58-60

dependence. Further adding to the utility of *™Tc, is the accessibility of different

oxidation states that this radionuclide can posses, ranging from +7 to +1. One of the most

99m

successful imaging agents based on ~"Tc is sestamibi, a myocardial perfusion agent that

is used to image blood flow in the heart and has shown to be advantageous compared to
2ITh.%" Sestamibi has uptake in certain types of tumour tissue, underscoring the
importance of this radioimaging agent in nuclear diagnostic imaging.*®

PET isotope decay involves formation of a positron, which almost instantaneously
comes into contact with an electron, resulting in positron annihilation. This, in turn,
produces two gamma photons that are emitted at an angle of 180° to each other with an
energy of 511 keV. Gamma detectors located in a circular array around the patient detect
the simultaneous collisions of emitted photon pairs and use an algorithm to calculate their
origin, thus resulting in image reconstruction. Radionuclides that are useful for PET
imaging include "°F, ''C, **Cu and *Zr, and are typically produced by a cyclotron. By far

the most widely used PET isotope is 'F, owing to the wide spread use of

['*F]fluorideoxyglucose (‘*FDG). FDG is a non-natural fluorinated analogue of glucose,
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which is taken up in areas of high metabolism, such as tumour tissue, and is widely used
in diagnostic oncology.

PET and SPECT imaging does not give any anatomical information and must be
combined with another imaging modality, typically x-ray computed tomography (CT), to
provide a reference for the location of the imaging agent within the body. More recently,
nuclear imaging, and in particular, PET imaging is being combined with MRI, termed
PET/MRI, in order to combine the sensitivity of PET imaging with the resolution of MR

imaging.

1.6.2.2.1. Radiolabeled Dendrimers for Molecular Imaging Applications

The development of novel radiopharmaceuticals based on dendritic scaffolds is a
rapidly growing field of research. Unlike CT images, which look at anatomical features,
molecular imaging is used to look at biological processes. By visualizing biological
processes that are associated with a particular type of disease, it may be possible to
achieve earlier detection, while reducing the rate of false-positives or negatives.
Molecular imaging of tumours is particularly appealing due to the possibility of
differentiating tumours that are metastatic from those that are benign in nature based on
the targeted biological processes that are occurring within.

The ability to place numerous targeting vectors and an imaging moiety on a
monodisperse polymer in a site specific and selective manner makes dendrimers

appealing for the development of targeted molecular imaging agents. Indeed, this strategy
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continues to be utilized for imaging enzymes/receptors that are known to be
overexpressed in different types of cancer.

Targeting angiogenesis, which is the growth of new blood vessels, is useful due to
its association with tumour tissue.”® This is because as the tumour grows, new vasculature
is necessary to supply oxygen and nutrients for the increased metabolism required by the
cancer cells. The integrin o,fm belongs to a class of receptors that are closely linked to
angiogenesis and are known to be overexpressed in cancerous tissue, particularly those
that are invasive in nature.®* Targeting this integrin using the tripeptide arginine-glycine-
aspartic acid (RGD) or the cyclic analogue (cCRGD) is a well known strategy that has been

65-68 Multimerization of

previously employed to decorate the periphery of dendrimers.
RGD is an attractive strategy owing to the increased affinity that is almost universally
observed. For example, synthesis of a dendrimer with sixteen RGD units at the periphery
results in 125 fold increase in affinity compared to the monomeric unit.”

Another targeting vector that has been used in combination with dendrimers is

folic acid.”®"!

The importance of the linker was demonstrated by attaching folic acid via a
PEG spacer, which was found to increase tumour accumulation in vivo.”” By using
PAMAM dendrimers as the scaffold, the resulting folic acid targeted probes were found
to be stable in vitro and in vivo.

The bis-MPA scaffold has been extensively explored for in vivo applications
ranging from drug delivery to imaging. Previous work has shown that high generation

hydrophilic bis-MPA dendrimers clear rapidly via the kidneys, presumably due to their

small size, well below the renal filtration cut-off.”* The same dendrimer backbone has
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been used to target the integrin o, as stated above. Therefore, the biocompatible bis-
MPA scaffold seems ideal to use as a backbone for the development of multivalent,

targeted molecular imaging agents, which will be the focus of this thesis.

1.6.3. Competing Technologies

While the use of dendritic scaffolds is the primary focus of this thesis, it is
important to briefly highlight competing technologies that exist, in order to properly
assess the current work in the broader context of molecular imaging, particularly those

based on multivalent scaffolds.”””"

For example, inorganic nanoparticles have been
extensively investigated as a multivalent scaffold, owing to their facile synthesis, tunable
and narrow size distributions (typically sub 20 nm) and inherent optical properties which
lend itself towards imaging applications via fluorescence.’®”’ Unlike many dendrimers,
inorganic nanoparticles are not biodegradable and, depending on their composition, can
be toxic. However, this limitation can be overcome through surface coating with a benign
substance to form core/shell structures.”

Nanoparticles based on organic polymers have also demonstrated promising

79,80

results. Typically comprised of block copolymers, these nanoparticles are prepared

via self-assembly, resulting is sizes often ranging from 40-200 nm. While primarily used

81-83

as a scaffold for drug delivery, these nanoparticles have shown to be effective for
targeted molecular imaging.™

Lastly, liposomes have received significant attention owing to their ease of

formulation and favorable pharmacokinetic properties.* Several liposomal formulations
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have been actively investigated in the clinic, further underscoring the importance of this
class of scaffolds for both drug delivery and imaging.*® Studies have also been conducted
that compare and contrast the aforementioned scaffolds, with each technology showing
benefits and limitations.®” Therefore, it is prudent to investigate all technologies in order

to develop an array of effective diagnostic tools that clinicians can utilize.

1.7.  Goals of the Thesis

The goal for this thesis was to implement a bis-MPA dendritic scaffold into a
nuclear molecular imaging platform. It was envisioned that the dendritic imaging
platform would contain an imaging moiety at the site isolated core and targeting ligands
at the periphery. The attachment of multiple targeting vectors at the periphery of the
dendrimer would impart multi-valency to the imaging agent, with the hope that the multi-
valency would lead to enhanced binding to the target and result in a higher target:non-
target ratio. The design, synthesis and radiolabeling of the dendritic imaging platform is
outlined in Chapter 2. This includes the preparation of alkyne-decorated dendrimers that
can be readily functionalized with targeting vectors bearing azide moieties using the
CuAAC reaction. A DPA ligand was attached to the core of the dendrimer for

radiolabelling with *™

Tc. The metal chelate was also coordinated to Re, resulting in a
precursor that could be used as a non-radioactive “cold” standard for HPLC analysis and
in vitro assays. Chapter 2 also addresses the feasibility of transmetalation of the CuDPA

h 99m

ligand wit Tc, thus overcoming a major obstacle in using the CuAAC reaction for

coupling targeting vectors to the DPA ligand for subsequent imaging with *™Tc.
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Chapters 3, 4 and 5 apply the dendritic scaffold towards targeting enzymes that are
overexpressed in different types of cancer. In chapter 3, the synthesis, characterization,
and in vitro evaluation of acyloxymethyl ketone (AOMK) functionalized dendrimers is
reported. These AOMK functionalized dendrimers were evaluated for their affinity
toward cathepsin B, an enzyme that is overexpressed in breast cancer. Subsequently,
chapters 4 and 5 focus on targeting the prostate specific membrane antigen (PSMA), that
is commonly overexpressed in prostate cancer. Chapter 4 describes the synthesis and in
vitro evaluation of glu-urea-lys dipeptide functionalized dendrimers that target PSMA.
The use of different linkers was shown to have an effect on binding affinity towards
PSMA, particularly at the first generation. Chapter 5 describes the synthesis,
radiolabeling and in vivo bio-distribution of a G2 PSMA targeted dendrimer having four
glu-urea-lys targeting vectors at the periphery. Lastly, chapter 6 describes the synthesis,
radiolabeling and plasma stability of two PSMA targeted G2 dendrimers with a more
robust linkages in lieu of non-neopentyl esters. The objective of this effort is to overcome
the hydrolysis of the non-neopentyl esters that was observed.

Overall, this thesis reports the synthetic protocols required for using bis-MPA
dendrimers in targeted molecular imaging applications. The dendritic imaging platform is
applied to two targets: cathepsin B and PSMA, with the latter demonstrating improved
affinity attributed to multivalency. Lastly, an improvement in in vitro stability was
demonstrated by replacing the peripheral non-neopentyl esters with ether linkages, paving
the ground work for future efforts in utilizing the bis-MPA scaffold for in vivo

applications.
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Chapter 2 — Synthesis, Peripheral Functionalization and Radiolabelling of Alkyne

Dendrimers Based on the Bis-MPA Dendrimer Scaffold.

*The contents of this chapter is part of the following manuscript:

Sadowski, L. P., Edem, P. E., Valliant, J. F. and Adronov, A. (2016), Synthesis of
Polyester Dendpritic Scaffolds for Biomedical Applications. Macromol. Biosci..
doi: 10.1002/mabi.201600154.

All work presented in this chapter was carried out by Lukas Sadowski.
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Abstract

To enable facile and mild functionalization of the periphery of G1-G3 bis-MPA
dendrimers, the peripheral alcohols were functionalized with the anhydride of 4-
pentynoic acid. The subsequent alkyne dendrimers were decorated with triethylene glycol
monomethyl ether (TEG) as a model compound using Cu(l) catalyzed alkyne-azide
cycloaddition (CuAAC). Removal of Cu(Ill) from the DPA ligand was successfully
accomplished on G1 and G2 functionalized dendrimers. A transmetalation procedure was
developed to enable radiolabeling of the G3 dendrimer. The methodology developed
herein paves the way for utilizing bis-MPA dendrimers as targeted molecular imaging

agents and as a theranostic scaffold.
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2.1. Introduction

In order to develop high affinity MI agents, we were interested in taking
advantage of multi-valent binding. Dendrimers present themselves as ideal scaffolds for
the precise attachment of multiple targeting ligands to an imaging moiety, owing to their
precise synthetic control and well-defined structure.' Although dendrimers have been
exploited for numerous biomedical applications,”™ dendrimers remain predominantly
utilized as a delivery vehicle for drugs® and gene transfection.’ With regards to molecular
imaging, the attachment of Gd-DOTA to the periphery of dendrimers has been
successfully shown to increase relaxation time and enhance contrast in MRI.’ With
respect to targeted molecular imaging, the attachment of multiple targeting ligands to an
imaging moiety confers several potential advantages over their monomeric counterparts,
which may include increased affinity towards the target and improved circulation times.
In particular, commercially available bis-MPA dendrimers are ideally suited for
biomedical applications due to their intrinsic properties that include biocompatibility,

8-10
In

hydrophilicity, quick clearance in vivo and no undesirable non-specific binding.
fact, bis-MPA dendrimers have already been employed for a number of biomedical
applications. A bis-MPA dendritic scaffold has been shown in vivo to serve as an efficient
drug delivery vehicle for doxorubicin.'' Not only did the dendritic scaffold prove to be an
effective means of delivering a chemotherapeutic to the site of disease, a reduced toxicity
was observed owing to the covalent attachment of the drug to the scaffold and slow

release at the target site. The same dendritic backbone has also been used in the

preparation of a nuclear molecular imaging probe used to visualize angiogenesis. This
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was performed via the attachment of multiple RGD units to the dendrimer periphery via a
PEG spacer.'? The resulting probe exhibited a 50 fold improvement in affinity to the o3
receptors compared to a single RGD unit, displayed increased clearance from non-target
tissue, while radiolabeling with "°Br at the core afforded a reduced rate of dehalogenation.
To date, there exist limited examples of well-defined multi-valent radioimaging
platforms."® Herein, we present a dendritic platform for applications in targeted molecular

imaging and therapy.

2.2. Results and Discussion

2.2.1. Functionalization of the Dendrimer Periphery and Activation of the Core

PMPA dendrimers bearing a metal chelate at the core and alkyne moieties at the
periphery were employed as a multivalent platform for the attachment of targeting ligands
using the CuAAC reaction. The alkyne dendrimers were prepared starting from a para-
toluenesulfonylethanol (pTSe) core via divergent synthesis to obtain hydroxyl terminated
dendrimers of generation 1 — 3 (1, 4 and 7, Scheme 2.1)."° The pTSe core serves as a
convenient protecting group that is stable to standard dendrimer growth conditions yet is
readily removed under moderately basic conditions. The alcohol periphery was
functionalized with the anhydride of 4-pentynoic acid to yield the alkyne-decorated
dendrons (2, 5, and 8) in excellent yields under standard dendrimer growth conditions
(Scheme 2.1).'"*'" The resulting alkyne-decorated dendrons were subsequently

deprotected at the core using DBU, a non-nucleophilic base, liberating a carboxylic acid
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functional group (Figure 2.1). The core carboxylic acid of G1, G2, and G3 dendrimers (3,

6 and 9, respectively) can be readily functionalized with an imaging moiety, while the

alkyne periphery serves as a site for the attachment of targeting ligands.
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Scheme 2.1. Synthesis of alkyne-decorated dendrons G1-G3.
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2.2.2. Functionalization of the Dendrimer Core with a Dipicolylamine (DPA) Metal
Chelate

Radiolabeling of the dendritic structures requires the attachment of a
dipicolylamine (DPA) metal chelate to the core of the dendrimer, which allows for
chelation of *™Tc. Conversely, the ligand can be metalated with Re, a non-radioactive
analogue of *™Tc, to prepare “cold” standards. Starting with mono-Boc protected 1,4-
diaminobutane (10),'° reductive amination with 2-pyridinecarbaldehyde produced the
DPA metal chelate 11 (Scheme 2.2). Subsequent removal of the tert-butoxycarbonyl
(‘Boc) group produced the free amine 12, which was reacted with the anhydride of
pentynoic acid to form the model compound bearing a single alkyne moiety 13. This
model compound was rheniated to produce 14 in near quantitative yield via reaction with
[Re(CO)3(H20);]Br. Introduction of 12 at the core of the G1, G2, and G3 dendrons was
accomplished by first forming the succinimidyl esters (15, 18, and 21), followed by
amidation with 12 to yield the ligand-functionalized dendrons 16, 19, and 22 (Scheme
2.2). Metalation of the DPA ligand with Re was again accomplished by refluxing with
[Re(CO)3(H,0);]Br in a mixture of acetonitrile/water.'” This step was monitored by 'H
NMR spectroscopy, which showed a distinct signal for the aromatic protons, as well as
the disappearance of the methylene (CH,) singlet adjacent to the aromatic ring at 3.80
(4H) ppm (Figure 2.1). The two doublets at 4.62 (2H) and 5.91 (2H) ppm arise from the
methylene bridge protons, which are distinct because of the locked conformation that

forms upon chelation to rhenium. Owing to the challenges of preparing and working with
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radioactive compounds, the non-radioactive Re analogues were utilized for in vitro assays

and as HPLC reference standards.
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The alkyne decorated dendrons bearing the DPA ligand at the core represent a
modular multivalent platform that enables efficient attachment of targeting ligands for the
preparation of SPECT molecular imaging agents using CuAAC chemistry. The mild
CuAAC reaction conditions are particularly amenable to the attachment of targeting
ligands that are acid/base sensitive or prone to epimerization. Compounds 14, 17, 20, and
23 serve as monomeric, dimeric, tetrameric, and octameric scaffolds, respectively, for the
preparation of non-radioactive analogues of technetium based molecular imaging agents.
Upon attachment of targeting ligands to the periphery, the rhenium analogues enable in

vitro investigation of the effect of multi-valency on the affinity for a specific target.
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2.2.3. Conjugation of Model Compound and Subsequent Removal of Cu from the
DPA Ligand

To assess the feasibility of coupling multiple ligands to the dendrimer periphery,
we chose to use the azide functionalized triethylene glycol monomethyl ether (TEG-N3)
as a model compound, which was readily prepared according to a modified literature
procedure.’”® The CuAAC reaction was carried out between our alkyne-terminated
structures and the TEG-N3. Unfortunately, catalytic amounts of copper in the “click”
reaction yielded only partially functionalized dendrimers. We hypothesized that the poor
results with CuHAAC may have been due to copper chelation by the DPA ligand, causing
inactivation of the catalyst."” When copper was added in excess of stoichiometric
amounts (relative to the dendrimer), complete TEGylation of the dendrimer periphery was
possible, albeit in lower than expected yields (Scheme 2.3).*° Analysis of the click
coupling reaction mixture by LC-MS confirmed that Cu was quantitatively chelated to the
DPA ligand. Removal of the bound copper was possible in a buffered solution of sodium
sulfide (Scheme 2.3), as has previously been demonstrated in the case of Cu chelation by
DOTA.**?" Addition of Na,S resulted in immediate precipitation of CuS, affording the
free base DPA ligand. However, this Cu removal method was noticeably less efficient
with each increase in generation, likely because this process leads to the production of
base (SH'), which causes degradation of the polyester dendrimer backbone. For G2, the
isolated yield of the free-base dendrimer was ~40%, and at the third generation the free
base product could not be isolated. Other reagents commonly used for copper chelation,

including cuprisorb, chelex, and ethylenediaminetetraacetic acid (EDTA), were found to
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be ineffective in removing copper from the DPA ligand even with the first-generation

structure.
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Scheme 2.3. Peripheral TEGylation by CuAAC of structures bearing a free base DPA

ligand at the core.

In accord with these results, the CuAAC chemistry proceeded efficiently with the
series of corresponding rheniated dendrimers (17, 20, and 23), even when using catalytic
quantities of copper (supporting information, Scheme S2.1). TEGylation of all three
rheniated dendrimer generations was accomplished in reasonable yield (64-71%) after
preparative HPLC. Characterization of the crude reaction mixtures indicated that

complete functionalization of the peripheral alkynes was achieved in each case.
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2.2.4. Radiolabeling of Dendrimers with *"T¢

After obtaining the DPA-G1-(TEG); (24) and DPA-G2-(TEG)4 (25) dendrimers,
we proceeded to investigate the radiolabeling of these compounds. Using
[*™Tc(CO)3(OHy)3]",** we observed quantitative complexation to **™Tc by the dendrimer
after 5 min of microwave irradiation at 80 °C in a saline solution at pH 4-5 (Scheme 2.4).
A 2,2>-bipyridine challenge to determine if any **"Tc was loosely bound to the dendrimer
structures resulted in no radiolabeled 2,2’-bipyridine, indicating quantitative uptake by
the DPA ligand to form the stable technetium tricarbonyl complex. Thus, the presence of
multiple triazole moieties in the dendritic scaffold does not affect the radiolabeling
efficiency of the DPA ligand at the core. Furthermore, the HPLC retention time of
[TcDPA-GI1-(TEG):]" and [TcDPA-G2-(TEG)4]’, monitored using a gamma detector,
was in agreement with the retention time of the rhenium analogues, monitored with a UV-

Vis detector (Figure 2.2).
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Scheme 2.4. Radiolabeling of DPA-G2-(TEG), with *™Tec.
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Figure 2.2. HPLC trace of DPA-G2-(TEG)y (top), [ReDPA-G2-(TEG)4]" (middle) and

[TcDPA-G2-(TEG)4]" (bottom).

2.2.5. Transmetallation of the CuDPA complex with *™Tc

In order to produce the radiolabeled third-generation dendrimer, an alternative
strategy involving transmetalation was investigated to determine if technetium can
displace the chelated copper within the DPA metal chelate of Cu-27 (Scheme 2.5). The
transmetallation reaction has previously been reported with a similar DPA ligand in a
“click then chelate” approach, with Tc displacing all traces of Cu in the ligand.*® To
assess the feasibility of this method, a model compound, [CuDPA-TEG]*" (Cu-26), was
prepared via CuAAC of 13 with TEG-N3 (Scheme 2.5). The transmetallation procedure
was found to proceed efficiently at a pH of 7 after 5 minutes of microwave heating at 90
°C. Higher temperatures and longer reaction times resulted in product degradation, while

shorter reaction times led to incomplete conversion (supporting information, Figures
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S2.2-S2.4). Upon translation of this procedure to the third-generation dendrimer, the

optimized conditions did not liberate the radiolabeled product in reasonable yield, likely

due to steric hindrance reducing access to the DPA ligand. Adjusting the temperature to

100 °C, the pH to 5.5, and the reaction time to 10 minutes allowed isolation of the desired

[*™TcDPA-G3-(TEG)s]", albeit in a modest 36 + 4 % radiochemical yield (Scheme 2.5

and Figure 2.3).
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Scheme 2.5. Radiolabeling via transmetalation of model compound Cu-26 and the third-

generation dendrimer Cu-27.
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Figure 2.3: HPLC data for the product of the transmetalation reaction, [ TcDPA-G3-
(TEG)s]", carried out at 100 °C for 10 min at pH 5.5 on [CuDPA-G3-(TEG)]*" with
9mTe, Chromatograms correspond to [CuDPA-G3-(TEG)s]*" (top), [ReDPA-G3-

(TEG)s]" (middle) and [ TcDPA-G3-(TEG)s]" (bottom).

2.3.  Conclusion

The work described herein provides a solution to many obstacles of using bis-
MPA dendrimers for targeted molecular imaging applications. Functionalization of the
periphery hydroxyl groups with the anhydride of 4-pentynoic acid resulted in terminal
alkynes, which could be subsequently employed for “Click” coupling to a targeting

moiety under mild conditions. A model compound, TEG, was attached to the periphery of
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the dendrimers in quantitative conversions under mild reaction conditions. Removal of
Cu(Il) from the DPA ligand proved to be challenging, particularly at higher generation
dendrimers. Nevertheless, a transmetalation reaction was developed to displace the Cu(II)

with *™Tc, yielding radiolabeled dendrimers up to G3 with eight peripheral functional

groups.
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2.4. Experimental

2.4.1. Materials and Characterization

Pentynoic acid was purchased from GFS Chemicals and all other chemicals were
purchased from Sigma Aldrich. Dry dichloromethane was dispensed from solvent system
equipped with an activated alumina column and pyridine was stored over KOH pellets.
NMR spectra were collected on a Bruker Avance 600 MHz or 700 MHz NMR
spectrometer and calibrated to the solvent peak. A Micromass QTOF Global Ultima was
used to obtain exact masses and HPLC was conducted on an Agilent HPLC equipped
with PDA detector and a Phenomenex Luna C18(2) 4.6x150 mm column. HPLC analysis
of radiolabeled compounds was performed on a Waters 1525 HPLC equipped with a

Waters 2998 PDA detector for UV and Bio-Rad gamma detector.

2.4.2. General Procedures

General procedure 1: Synthesis of pTSe-Gx-(yne),. To a flame dried round bottom
flask was added 1 eq. of pTSe-Gx-(OH)y, 2 eq/OH of alkyne anhydride and 0.2 eq/OH of
DMAP. The reaction mixture was dissolved in 2:1 mixture of CH,Cly/pyridine and stirred
for 12 hours. The anhydride was quenched by addition of 2 mL distilled water and further
stirring at room temperature for 16 hours. The reaction mixture was diluted with 100 mL
CH,Cl, and washed with NaHSO4 (3 x 100 mL), Na,CO;3 (2 x 100 mL) and brine (100
mL). After rotary evaporation, the resulting alkyne dendrimers were purified by silica gel

column chromatography (Hex/EtOAc) to give clear thick oils in excess of 90% yields.
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General procedure 2: Synthesis of COOH-Gx-(yne),. To a flame dried round bottom
flask was added 1 eq of pTSe-Gx-(yne), and 6 eq of DBU in CH,Cl,. The reaction
mixture was monitored by TLC for disappearance of starting material (approx. 1 hr). The
reaction mixture was diluted with CH,Cl, (100 mL) and washed with NaHSO4 (3 x 100
mL) and brine (100 mL). After rotary evaporation, the crude product was purified via

column chromatography (CH,Cl,/MeOH) to give clear viscous oil in excess of 90% yield.

General procedure 3: Synthesis of NHS-Gx-(yne),. To a flame dried round bottom
flask was added 2 eq N-hydroxysuccinimide, 1 eq COOH-Gx-(yne),, and 2 eq EDC-HC1
in CH,Cl,. The reaction mixture was stirred at room temperature overnight. The crude
reaction mixture was diluted with CH,Cl, and washed with brine. After rotary
evaporation, the product was rapidly purified via silica gel column chromatography

(CH,Cl/MeOH) to yield product in excess of 90% yield as a clear viscous oil.

General procedure 4: Synthesis of DPA-Gx-(yne),. To a flame dried round bottom
flask was added 2 eq DPA-NH, (12), 1 eq NHS-Gx-(yne)y and 2 eq EtsN in CH,Cl,. The
reaction mixture was stirred at room temperature and monitored by TLC for
disappearance of dendrimer starting material (approx. 1 - 5 hrs). The crude reaction
mixture was diluted with CH,Cl, and washed with Na,CO; and brine. After rotary
evaporation, the product was purified via silica gel column chromatography

(CH,Cl/MeOH) to yield product in excess of 70% yield as a viscous oil.
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General procedure 5: Synthesis of ReDPA-Gx-(yne),. 1 eq of DPA-Gx-(yne)yand 1.1
eq of [Re(CO)3(H,0)3]Br were dissolved in a 2:1 mixture of ACN/H,O in a 5 mL round
bottom flask and heated to reflux. After complete conversion (monitored by 'H-NMR,
disappearance of peak at approximately 8.50 ppm and appearance of a new peak at
around 8.65 ppm), typically after 1 - 2 hrs, the solvent was evaporated and the crude
reaction mixture was re-dissolved in CHCls, dried with Na;SOy, filtered and concentrated

in vacuo to yield the product as a dark orange solid in quantitative yield.

General procedure 6: CuAAC reaction conditions. 1 eq of DPA-Gx-(yne), or ReDPA-
Gx-(yne),, 1.2 eq of azide/alkyne and 0.8 eq/alkyne of sodium ascorbate were dissolved
in DMF. The flask was evacuated under vacuum and backfilled with nitrogen three times.
0.2 eq/alkyne of CuSO, in H,O was added to the reaction vessel and stirred at room
temperature overnight. The crude reaction mixture was concentrated by rotary
evaporation and purified by semi-prep HPLC to afford the product. A method comprised
of water and acetonitrile as eluents, each containining 0.1% formic acid, was utilized. For
TEG functionalized dendrimers, the HPLC method was as follows: 95% water for 3
minutes, followed by a gradient ramp to 100% acetonitrile over 15 minutes. 100%
acetonitrile was maintained for 3 minutes, followed by a sharp gradient to 95% water
over 0.5 minutes and re-equilibration at 95% water for 2.5 minutes. Note: One extra

equivalent of CuSO, and 4 equivalents of sodium ascorbate were utilized for reactions
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involving DPA-G,-(yne), dendrimers, due to the chelation of copper by the DPA metal

chelate.

2.4.3. Radiochemistry

General Procedure 7: Radiolabeling conditions. [*"TcO,]” was eluted from a *"Tc/Mo
generator into an evacuated vial using 10 mL of saline. Preparation of
[*"Tc(CO),(OH,),]" involved addition of potassium sodium tartrate (22 mg, 78 umol),
borax (20 mg, 52 wmol), sodium carbonate (15 mg, 142 umol) and boranocarbonate (10
mg, 74 pmol) to a 5 mL. microwave vial. The vial was sealed and purged with argon for
10 min. 4 mL of [*™TcO,] in saline was added to the vial and the reaction mixture was
heated in a microwave reactor for 3.5 min at 110 °C resulting in the formation of
[*™Tc(CO),(OH,),]*. The pH of the solution was adjusted to pH 4.5-6.5 with 1 M HCI. 1
mL of the reaction mixture was added to approx. 250 nmol of dendrimer in 0.1 mL of
MeOH in a 2 mL microwave vial, and the reaction mixture was heated in a microwave
reactor for 5 min at 80 °C (or higher for the transmetalation reaction). The compound
were analyzed by HPLC on a Phenomenex Luna CI18(2) column using a
water/acetonitrile gradient (containing 0.1% formic acid) using the following method: 0-2
min at 95% water followed by a gradient to 100% acetonitrile between 2 min and 15 min.
100% acetonitrile was maintained until 17 min, followed by a rapid gradient to 95%

water between 17-18 minutes. 95% water was maintained until 20 min.
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2.4.4. Synthesis

pTSe-G1-(yne), (2): Using general procedure 1, pTSe-G1-(OH), (1.0 g, 3.16 mmol),
pentynoic anhydride (2.25 g, 12.64 mmol, 4 eq.) and DMAP (154 mg, 1.26 mmol, 04
eq.) were dissolved in 20 mL dry CH,Cl, and 10 mL pyridine. Yield: 1.43 g (95%). 'H-
NMR (600 MHz; CDCl,): 6 = 7.84-7.82 (m, 2H), 7.42 (dd, J = 8.5, 0.6 Hz, 2H), 4 .48 (dd,
J=74,48 Hz, 2H), 421 (s,2H), 4.19 (d,J = 11.0 Hz, 4H), 3.47-3.44 (m, 2H), 2.58-2.56
(m, 4H), 2.51-2.49 (m, 7H), 2.00 (d,J = 5.2 Hz, 2H), 1.16 (s, 3H). "C-NMR (150 MHz,
CDCly): 6 = 1722, 171.2, 1454, 136.3, 130.3, 128.3, 824, 69.4, 654, 584, 55.1, 46 4,
33.3,21.8, 17.7, 14.5. HR-MS calc. for C,;H,;O¢S [M+NH,]" m/z = 494.1849. Found:

494.1881.

pTSe-G2-(yne), (5): Using general procedure 1, pTSe-G2-(OH), (1.0 g, 1.82 mmol),
pentynoic anhydride (2.60 g, 14.58 mmol, 8 eq.) and DMAP (180 mg, 1.46 mmol, 0.8
eq.) were dissolved in 20 mL dry CH,CIl, and 10 mL pyridine. Yield: 1.50 g (95%). 'H-
NMR (600 MHz; CDCl,): 6 = 7.85-7.84 (d,J =79 Hz, 2H), 742 (d,J = 7.9 Hz, 2H),
4.50 (t,J = 6.0 Hz, 2H), 4.29-4.22 (m, 12H), 3.48 (t,J = 6.0 Hz, 2H), 2.60-2.57 (t,J=7.2
Hz, 8H), 2.52-2.49 (m, 11H), 2.01 (t, J = 2.6 Hz, 4H), 1.27 (s, 6H), 1.22 (s, 3H). "C-
NMR (150 MHz, CDCl,): 6 = 172.0, 171.3, 145.3, 136 4, 130.3, 128.3, 58.5, 54.9, 33.3,

18.0,17.5, 14.5. HR-MS calc. for C,,H,0,,S [M+H]* m/z = 869.3054. Found 869.3064.

pTSe-G3-(yne); (8): Using general procedure 1, pTSe-G3-(OH); (1.0 g, 0.99 mmol),

pentynoic anhydride (2.81 g, 15.79 mmol, 16 eq.) and DMAP (194 mg, 1.58 mmol, 1.6
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eq.) were dissolved in 20 mL dry CH,CIl, and 10 mL pyridine. Yield: 1.52 g (93%). 'H-
NMR (600 MHz; CDCl,): 6 = 7.76-7.74 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H),
443 (t,J=59Hz,2H),4.21-4.13 (m, 28H), 3.40 (t,J = 5.9 Hz, 2H), 2.50-2.48 (m, 16H),
2.43-2.40 (m, 19H), 1.92 (t,J = 2.6 Hz, 8H), 1.19-1.16 (m, 21H). "C-NMR (150 MHz,
CDCly): 6 =172.1,171.8,171.6,171.3,144.7, 136.1, 130.3, 128.2, 82.3, 69.5, 65.5, 65 4,
62.2, 585,549, 46.5, 33.3, 21.5, 18.0, 17.7, 174, 14.4. HR-MS calc. for Cy,H,;,,0:,S

[M+NH,]" m/z = 1670.6262. Found 1670.6188.

COOH-G1-(yne), (3): Using general procedure 2, pTSe-G1-(yne), (1.0 g, 2.1 mmol) was
dissolved in 50 ml of toluene and DBU (1.88 mL, 12.6 mmol) was added to the reaction
mixture. Yield: 569 mg (92%). 'H-NMR (600 MHz; CDCl,): & = 4.30 (q,J = 10.2 Hz,
4H), 2.59-2.56 (m, 4H), 2.51-2.48 (m, 4H), 1.98 (t,J = 2.6 Hz, 2H), 1.31 (s, 3H). C-
NMR (150 MHz, CDCl,): 6 = 177.7, 170.6, 81.8, 69.2, 65.3, 45.8,33.2, 17.8, 14.2. HR-

MS calc. for C,;sH,;O4 [M+Na]" m/z = 317.1001. Found 317.0997.

COOH-G2-(yne), (6): Using general procedure 2, pTSe-G2-(yne), (1.0 g, 1.2 mmol) was
dissolved in 25 ml of toluene and DBU (1.03 mL, 6.9 mmol) was added to the reaction
mixture. Yield: 773 mg (94%). 'H-NMR (600 MHz; CDCl,): 6 = 4.30-4.23 (m, 12H),
2.58-2.55 (m, 8H), 2.50-2.47 (m, 8H), 1.99 (t,J = 2.6 Hz, 4H), 1.31 (s, 3H), 1.27 (s, 6H).
“C-NMR (150 MHz, CDCL,): 6 = 174.5,171.9, 171.3,81.2, 69.3, 65.8, 65.5, 46.4, 46.3,
33.2, 178, 17.6, 14.3. HR-MS calc. for C;;H,,0,, [M+NH,]" m/z = 704.2918. Found

704.2898.
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COOH-G3-(yne); (9): Using general procedure 2, pTSe-G3-(yne)s (1.0 g, 0.6 mmol) was
dissolved in 20 ml of toluene and DBU (0.54 mL, 3.6 mmol) was added to the reaction
mixture. Yield: 792 mg (90%). 'H-NMR (600 MHz; CDCL,): 6= 4.36-4.25 (m, 28H),
2.61-2.59 (m, 16H), 2.53-2.50 (m, 16H), 2.02 (td,J = 2.6, 0.8 Hz, 8H), 1.37 (s, 3H), 1.29
(s, 18H). PC-NMR (150 MHz, CDCL,): & = 172.9, 171.9, 171.5, 82.3, 69.4, 66.7, 65.6,
65.5,654,46.8,46.4,332,17.9,17.6,17.4,14.3. HR-MS calc. for C,sHy,O5, [M+NH,]*

m/z = 1488.5861. Found 1488.5872.

NHS-G1-(yne), (15): Using general procedure 3, COOH-G1-(yne), (0.5 g, 1.7 mmol), N-
hydroxysuccinimide (391 mg, 3.4 mmol) and EDC-HCI (652 mg, 3.4 mmol) were
dissolved in 20 mL CH,CL,. Yield: 607 mg (91%). '"H-NMR (600 MHz; CDCl,): 6 = 4.38
(s,4H), 2.83 (s, 4H), 2.64-2.62 (m, 4H), 2.53-2.50 (m, 4H), 1.98 (t,J = 2.6 Hz, 2H), 1.47
(s, 3H)."C-NMR (150 MHz, CDCl,): 6 = 171.1, 168.4,82.2,69.2,65.0,46.4,33.2,25.6,

17.8, 14.2. HR-MS calc. for C,,H,,NOg; [M+Na]|" m/z = 414.1165. Found 414.1160.

NHS-G2-(yne), (18): Using general procedure 3, COOH-G2-(yne), (0.5 g, 0.7 mmol), N-
hydroxysuccinimide (168 mg, 1.5 mmol) and EDC-HCI (285 mg, 1.5 mmol) were
dissolved in 15 mL CH,CL,. Yield: 516 mg (90%). 'H-NMR (600 MHz; CDCL,): § =
4.42-426 (m, 12H), 2.85 (s, 4H), 2.57-2.47 (m, 16H), 1.98 (t,J = 2.6 Hz, 4H), 1.47 (s,
3H), 1.29 (s, 6H). "C-NMR (150 MHz, CDCl,): 6 = 172.1, 171.3, 168.6, 168.1, 82.5,
694, 65.5, 654, 46.8, 46.7, 33.3, 25.7, 17.8, 17.7, 14.4. HR-MS calc. for C;;H,;sNO,,

[M+NH,]" m/z = 801.3082. Found 801.3091.
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NHS-G3-(yne)g (21): Using general procedure 3, COOH-G3-(yne), (0.5 g, 0.34 mmol),
N-hydroxysuccinimide (0.78 g, 0.68 mmol) and EDC-HCI (0.13 g, 0.68 mmol) were
dissolved in CH,Cl,. Yield: 504 mg (94 %). 'H-NMR (600 MHz; CDCL,): 6 = 4.44-4.24
(m, 28H), 2.88-2.87 (m, 4H), 2.60-2.58 (m, 16H), 2.52-2.49 (m, 16H), 2.01 (t,J = 2.6 Hz,
8H), 1.53 (s, 3H), 1.32 (s, 6H), 1.26 (s, 12H). "C-NMR (150 MHz, CDCl,): & = 172.1,
1716, 171.3, 168.8, 82.2, 69.4, 66.3, 65.6, 65.5, 46.7, 46.5, 46.5, 33.3,25.8, 179, 17.7,

17.5, 14.4. HR-MS calc. for C;oH,;NO,, [M+NH,]* m/z = 1585.5786. Found 1585.5846.

DPA-C,-NHBoc (11): Mono ‘Boc protected 1,4-diaminobutane” (0.5 g, 2.7mmol) and
pyridine-2-carbaldehyde (758 pL, 8.0 mmol, 3 eq.) were added to 15 mL CH,Cl,,
followed by AcOH (31 pL, 0.5 mmol, 0.2 eq) and was allowed to stir for 45 min at room
temperature. The reaction mixture was then cooled to 0 °C followed by addition of
NaHB(OAc),; (636 mg, 8 mmol, 3 eq.). The reaction mixture was allowed to warm to
room temperature, and stirred overnight. The reaction mixture was diluted with 75 mL of
CH,CIl, and washed with 1M NaOH (3 x 50 ml) and the organic fractions were combined
and washed with brine. The crude reaction mixture was concentrated by rotary
evaporation and purified by silica gel column chromatography (CH,Cl,/MeOH) to yield
724 mg (72%) of product as a pale yellow oil. 'H NMR (600 MHz; CDCL,): 6 = 8.52 (dd,
J=438,08 Hz, 2H),7.63 (td,J=7.7, 1.8 Hz, 2H), 7.49 (d,J = 7.8 Hz, 2H), 7.13 (ddd, J
=74,49,10 Hz, 2H), 3.79 (s, 4H), 3.07-3.04 (m, 2H), 2.54 (t,J = 7.2 Hz, 2H), 1.56 (m,

2H), 1.45 (m, 2H), 1.42 (s, 9H).”C-NMR (150 MHz, CDCl,): & = 159.8, 156.0, 149.0,
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136.4, 1230, 121.9,78.8, 60.4, 53.9, 40.3, 28.5, 27.8, 24.3. HR-MS calc. for C,;H;N,O,

[M+H]* m/z = 371.2447. Found 371.2441.

DPA-C,-NH, (12): To a stirring solution of DPA-C,-NHBoc (0.5 g, 1.3 mmol) in 15 mL
of CH,Cl, at room temperature was added 5 mL of TFA dropwise, resulting in a red
solution. After stirring at room temperature for 1.5 hours, the reaction mixture was diluted
with CH,Cl, and brought to pH 13-14 using 1M NaOH. The aqueous layer was extracted
with CH,Cl, (5 x 30 ml) and the organic fractions combined and washed with brine. The
product was concentrated by rotary evaporation to yield 248 mg (68%) of product as a
yellow oil. "H NMR (600 MHz; CDCl,): 6 8.51 (d,J = 4.2 Hz, 2H), 7.64 (t,J = 7.8 Hz,
2H), 7.50 (d,J = 7.8 Hz, 2H), 7.14 (t,J = 6.1 Hz, 2H), 3.79 (s, 4H), 2.66 (t,J = 6.9 Hz,
2H), 2.55-2.50 (t,J = 7.2 Hz, 2H), 1.60-1.53 (m, 2H), 1.45 (m, 2H). "C-NMR (150 MHz,
CDCly): 6 = 159.8, 149.1, 136.6, 123.1, 122.1, 60.5, 54.2, 41.7, 30.8, 24.5. HR-MS calc.

for C,¢H,,N, [M+Na]" m/z = 293.1742. Found 293.1734.

DPA-Pentynoic alkyne (13): DPA-NH, (0.2 g, 740 umol) and pentynoic anhydride (198
mg, 1.1 mmol, 1.5 eq) were stirred in 15 mL CH,Cl, at room temperature overnight. The
solution was diluted with 50 mL of CH,Cl, and washed with Na,CO; (2 x 75 mL) and
brine. The crude reaction mixture was concentrated by rotary evaporation and purified by
silica gel column chromatography (CH,Cl,/MeOH) to yield: 201 mg (78%) of a pale
yellow oil. "H-NMR (600 MHz; CDCl,): 6 = 8.52-8.51 (m, 2H), 7.63 (td,J = 7.7, 1.7 Hz,

2H), 743 (d,J =7.8 Hz, 2H), 7.14 (dd, J = 7.0, 5.3 Hz, 2H), 6.55 (s, 1H), 3.77 (s, 4H),
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3.21 (q,J = 6.3 Hz, 2H), 2.55-2.49 (m, 4H), 2.38 (t,J = 7.3 Hz, 2H), 1.97 (t,J = 2.6 Hz,
1H), 1.59 (quintet, J = 7.1 Hz, 2H), 1.49 (quintet, J = 7.1 Hz, 2H). "C-NMR (150 MHz,
CDCl,): 6 = 171.1, 159.6, 149.1, 136.5, 123.4, 122.1, 834, 69.3, 60.4, 53.8, 39.1, 35 4,

27.2,23.8, 15.1. HR-MS calc. for C,;H,N,O [M]* m/z = 351.2185. Found 351.2173.

DPA-G1-(yne), (16): Using general procedure 4, NHS-G1-(yne), (200 mg, 511 pumol)
and DPA-NH, (276 mg, 1.0 mmol) were dissolved in 10 mL of CH,Cl,, followed by
addition of Et;N (143 pL, 1.0 mmol). Yield: 225 mg (81%). '"H NMR (600 MHz; CDCl,):
0 8.52 (ddd,J=4.9,1.7,0.9 Hz, 2H), 7.66 (td,J = 7.7, 1.8 Hz, 2H), 7.48 (d,J = 7.8 Hz,
2H), 7.16 (ddd,J=74,4.9, 1.1 Hz, 2H), 6.37-6.36 (m, 1H), 4.29-4.24 (m, 4H), 3.81 (s,
4H), 3.21 (q,J = 6.4 Hz, 2H), 2.58-2.54 (m, 6H), 2.49-2.46 (m, 4H), 1.98 (t,J = 2.6 Hz,
2H), 1.58 (quintet, J = 7.2 Hz, 2H), 1.50 (quintet, J = 7.2 Hz, 2H), 1.24 (s, 3H). BC-NMR
(150 MHz, CDCl,): 6 = 172.1, 171.3, 149.1, 136.6, 123.3, 122.2, 82.2, 69.5, 66.7, 60.3,
53.5,46.2,39.3,334,27.1,23.7, 18.1, 14.5. HR-MS calc. for C;;H;sN,O5 [M+H]" m/z =

547.2920. Found 547.2910.

DPA-G2-(yne), (19): Using general procedure 4, NHS-G2-(yne), (200 mg, 255 pumol)
and DPA-NH, (138 mg, 510 umol) were dissolved in 5 mL of CH,CI,, followed by
addition of Et;N (71 uL, 510 pumol). Yield: 173 mg (72%). '"H NMR (600 MHz; CDCl,):
0 = 8.56-8.55 (bs, 2H), 7.70-7.68 (m, 2H), 7.54-7.50 (bs, 2H), 7.21-7.18 (bs, 2H), 6.45
(bs, 1H), 4.31-4.23 (m, 12H), 3.87-3.80 (bs, 4H), 3.26-3.23 (m, 2H), 2.61-2.56 (m, 10H),

2.51-2.48 (m, 8H), 2.00 (t,J = 2.8 Hz, 4H), 1.63 (bs, 2H), 1.56-1.51 (quintet, 2H), 1.27 (s,

59



Ph.D Thesis - Lukas P. Sadowski McMaster - Chemistry & Chemical Biology

9H). "C-NMR (150 MHz, CDCl,): 6 = 1720, 171.5, 171.2, 149.0, 136.5, 123.1, 122.0,
82.3, 69.3, 669, 654, 60.2, 534, 46.5, 464, 394, 33.2, 27.1, 23.6, 179, 17.8, 14.3.

C.,H,N,0,; [M+H]* m/z = 939.4392. Found 939.4376.

DPA-G3-(yne); (22): Using general procedure 4, NHS-G3-(yne); (200 mg, 128 pumol)
and DPA-NH, (7 mg, 256 pmol) were dissolved in 3 mL of CH,Cl,, followed by addition
of Et;N (143 pL, 256 umol). Yield: 167 mg (75%). '"H NMR (600 MHz; CDCIl,): 6 =
8.55-8.55 (m, 2H), 7.69-7.67 (m, 2H), 7.56-7.53 (m, 2H), 7.20-7.18 (m, 2H), 4.30-4.23
(m, 28H), 3.84-3.82 (s, 4H), 3.24 (d, J = 6.1, 2H), 2.60-2.56 (m, 16H), 2.51-2.48 (m,
16H), 2.01 (d,J=5.2,8H), 1.53 (dt,J =79, 3.5, 2H), 1.28 (s, 21H). NMR (150 MHz,
CDCly): 6 =172.0,171.6,171.3,171.2,149.1, 136.5, 123.2, 122.1,82.4,69.4, 67.2,65.5,
65.3,60.2,53.6,46.8,46.4,39.5,33.2,272,179,17.6, 144. C,H,,()N,O,, [IM+H]" m/z =

1723.7334. Found 1723.7281.

[ReDPA-Pentynoic alkyne]* (14): DPA-Pentynoic alkyne (50 mg, 143 umol) and
[Re(CO),(H,0);]Br (63 mg, 157 pumol, 1.1 eq.) were stirred in 2 mL of a 2:1 mixture of
ACN/H,O for 1.5 hrs at reflux. The product was concentrated by rotary evaporation and
re-dissolved in CHCl,, filtered, dried with Na,SO, and concentrated to give product as an
orange semi-solid in quantitative yield. "H-NMR (600 MHz; CDCl,): & = 8.66 (d,J=5.6
Hz,2H), 791 (d,J = 7.8 Hz, 2H), 7.83 (t,J = 7.7 Hz, 2H), 7.22 (t,J = 6.5 Hz, 2H), 7.10
(t,J =63 Hz, 1H), 5.89 (d,J = 16.5 Hz, 2H), 4.53 (d,J = 16.5 Hz, 2H), 3.86-3.83 (m,

2H), 3.44-3.41 (m, 2H), 2.58-2.52 (m, 4H), 2.23-2.21 (m, 2H), 2.17 (s, 1H), 1.71 (m, 4H).
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3C.NMR (150 MHz, CDCL,): & = 195.9, 172.1, 1613, 150.8, 140.4, 125.4, 125.1, 837,
710, 69.6, 67.4, 38.4, 354,270,230, 15.1. HR-MS calc. for C,;H,;N,O,Re [M]* m/z =

621.1512. Found 621.1523.

[ReDPA-G1-(yne),]" (17): Using general procedure 5, DPA-G1-(yne), (50 mg, 91 pumol)
and [Re(CO),(H,0);]Br (40 mg, 100 umol) were dissolved in 1 mL of a 2:1 mixture of
ACN/H,0. 'H NMR (600 MHz; CDCl,): 8 = 8.62 (d,J = 5.0 Hz, 2H), 7.77 (td, J = 7.8,
1.5 Hz, 2H), 7.55 (d,J =79 Hz, 2H), 7.19 (t,J = 6 Hz, 2H), 6.47 (dd,J = 7.7, 4.4 Hz,
1H), 496 (d,J=16.7 Hz, 2H), 4.52 (d,J = 16.6 Hz, 2H),4.32 (d,J=11.2 Hz, 2H), 4.17
(d,J=11.2Hz,2H),3.76-3.73 (m, 2H), 3.31 (dt,J =9.5,4.6 Hz, 2H), 2.52-2.48 (m, 4H),
2.43-2.40 (m, 4H), 1.98-1.93 (m, 2H), 1.88 (t,J =2.6 Hz, 2H), 1.57-1.52 (m, 2H), 1.25 (s,
3H). "C-NMR (150 MHz, CDCL): § = 172.7, 1714, 161.2, 150.9, 140.5, 125.5, 125.1,
824, 71.1, 694, 675, 66.7, 39.0, 33.5, 26.7, 234, 18.1, 14.5. HR-MS calc. for

C.,H:N,O(Re [M]* m/z = 817.2247. Found 817.2259.

[ReDPA-G2-(yne),]* (20): Using general procedure 5, DPA-G2-(yne), (50 mg, 53 pumol)
and [Re(CO),;(H,0);]Br (23 mg, 58 umol) were dissolved in 1 mL of a 2:1 mixture of
ACN/H,0. 'H NMR (600 MHz; CDCL,): 6 8.62 (d,J = 5.5, 2H), 8.62 (d,J = 5.5, 2H),
7.86 (s, 1H), 7.78-7.72 (m, 4H), 7.18-7.15 (m, 2H), 5.62 (d,J = 16.7, 2H), 4.58 (d, J =
16.6,2H), 4.35 (dd,J=90.2, 11.1, 4H), 4.22-4.14 (m, 8H), 3.77 (t,J = 8.1, 2H), 3.34 (d,
J=15.7,2H), 2.50-2.47 (m, 8H), 2.41-2.38 (m, 8H), 2.11 (s, 2H), 1.93 (t,J = 2.6, 4H),

1.58-1.57 (m, 2H), 1.33 (s, 3H), 1.19 (s, 6H). "C-NMR (150 MHz, CDCl,): & = 195.7,
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172.5,172.1,171.3, 161.5, 150.8, 140.2, 125.3, 124.6, 82.3,71.0, 69.3, 67.5, 66.8, 65 4,
654, 46.6, 464, 389, 33.2, 29.7, 26.5, 23.3, 179, 17.8, 14.3, 14.3. HR-MS calc. for

C.,H,N,0,Re [M]* m/z = 1209.3804. Found 1209.3805.

[ReDPA-G3-(yne)s]* (23): Using general procedure 5, DPA-G3-(yne); (50 mg, 29 pumol)
and [Re(CO),(H,0O);]Br (13 mg, 32 umol) were dissolved in 0.5 mL of a 2:1 mixture of
ACN/H,0. 'H NMR (600 MHz; CDCI3): 6 8.70 (d,J = 5.4, 2H), 7.89-7.84 (m, 4H), 7.46-
744 (m, 1H),7.25 (t,J=64,2H),592 (d,/=16.7,2H),4.61 (d,J =164, 2H), 4.39 (dd,
J=377,11.1,4H), 431-4.22 (m, 25H), 3.88-3.86 (m, 2H), 3.44-3.41 (m, 2H), 2.58 (s,
16H), 2.50-2.48 (m, 16H), 2.24-2.19 (m, 2H), 2.02 (d,J = 5.1, 8H), 1.72-1.68 (m, 2H),
1.46 (s, 3H), 1.29 (s, 6H), 1.26 (s, 12H). "C-NMR (150 MHz, CDCl,): 6 = 195.8, 172.0,
1720, 171.7,171.2, 161.3, 150.8, 140.2, 125.3, 124.8, 82.4,71.0, 694, 67.3, 67.2, 65 4,
65.3,46.4,39.1,33.2,26.6,23.5,18.0,179,17.7, 14.3. HR-MS calc. for Co,H,,(N,O;,Re

[M]" m/z = 1993.6661. Found 1993.6709.

TEG-OTs: Following previous literature precedence,” to a cooled solution of triethylene
glycol monomethyl ether (1 g, 6.1 mmol) in 3 mL of THF and NaOH (0.44 g, 11 mmol)
in 3 mL of dH,0O was added pTsCl (1.16 g, 6.1 mmol) in 4 mL THF dropwise. The
reaction mixture was slowly warmed to R.T. and allowed to stir for 12 hours. The crude
reaction mixture was diluted with dH,O (10 mL) and extracted with ether (3 x 10 mL).
The combined organic layers were dried using Na,SO,, filtered and concentrated in vacuo

to yield 1.7 g (88 %). '"H NMR (600 MHz; CDCL,): 6 7.79-7.78 (m, 2H), 7.34-7.33 (m,
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2H), 4.16-4.14 (m, 2H), 3.74-3.72 (m, 1H), 3.68-3.67 (m, 2H), 3.61-3.57 (m, 6H), 3.53-
3.51 (m, 2H), 3.36 (s, 3H), 2.44 (s, 3H). "C-NMR (150 MHz, CDCL,): & = 144.82,
132.99, 129.85, 127.93, 71.88, 70.69, 70.51, 69.30, 68.63, 67.93, 58.98, 21.6. HR-MS

calc. for C,,H,,0,S [M+NH,]" m/z = 336.1475. Found 336.1475.

TEG-N;: TEG-OTs (1 g, 3.1 mmol) was dissolved in 25 mL of DMSO and NaNj; (820
mg, 12.6 mmol) was added and the reaction was heated to 50 C for 5 hours. The crude
reaction mixture was diluted with dH,O (50 mL) and extracted with Et,O (3 x 20 mL).
The combined organic layers were washed with water (15 mL) and dried with Na,SO, to
yield 450 mg (77 %). '"H NMR (700 MHz; CDCl,): 8 3.64-3.61 (m, 8H), 3.52-3.51 (m,
2H), 3.36-3.34 (m, 5H). "C NMR (150 MHz, CDCl,): 6 = 71.95, 70.72, 70.67, 70.62,
70.05, 59.03, 50.70. HR-MS calc. for C;H;sN,O0; [M+NH,]" m/z = 207.1452. Found

207.1454.

DPA-G1-(TEG), (25): Using general procedure 6, DPA-G1-(yne), (10 mg, 18.3 umol)
and TEG-N; (8 mg, 43.9 umol) was dissolved in 0.5 mL of DMF, followed by addition of
sodium ascorbate (5.8 mg, 29.3 pumol). After evacuation and backfilling with argon,
CuSO, (1.8 mg, 7.3 umol) was added in 0.1 mL H,O. Upon complete functionalization of
the dendrimer, DMF was removed by rotary evaporation and the reaction mixture was
dissolved in 5 mL of dH,O. Addition of a buffered solution of NaS resulted in
precipitation of CuS, which was filtered off. The reaction mixture was purified by semi-

prep HPLC to yield 9.3 mg (55%).'H NMR (600 MHz; DMSO): 6 8.46 (d,J = 4.8, 2H),
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7.81 (s,2H),7.74 (td,J =7.6, 1.8, 2H), 7.70 (t,J = 3.0, 1H), 7.50 (d,J = 7.8, 2H), 7.23
(dd,J=74,49,2H),445 (t,J =53,4H), 4.11 (q,J = 14.9, 4H), 3.79-3.77 (t,J = 54,
4H), 3.70 (s, 4H), 3.52-3.50 (m, 4H), 3.48-3.46 (m, 8H), 3.40 (dd,J=5.7,3.7, 4H), 3.23-
322 (s, 6H), 3.00 (q,J = 6.0, 2H), 2.85 (t,J = 7.8, 4H), 2.65-2.62 (t,J = 7.8 4H), 2.44-
242 (t,J = 6.6, 3H), 1.46-1.44 (quintet, J = 7.2, 2H), 1.38-1.36 (quintet, J = 7.2, 2H),

1.07 (s, 3H). HR-MS calc. for C,sH,N,,O,, [M+H]" m/z = 925.5147. Found 925.5128.

DPA-G2-(TEG), (26): Using general procedure 6, DPA-G2-(yne), (10 mg, 10.6 umol)
and TEG-N; (10 mg, 51.1 pmol) were dissolved in 0.4 mL of DMF, followed by addition
of sodium ascorbate (6.7 mg, 33.9 umol). After evacuation and backfilling with argon,
CuSO, (2.1 mg, 8.5 umol) was added in 0.1 mL H,O. Upon complete functionalization of
the dendrimer, DMF was removed by rotary evaporation and the reaction mixture was
dissolved in 5 mL of dH,O. Addition of a buffered solution of NaS resulted in
precipitation of CuS, which was filtered off. The reaction mixture was purified by semi-
prep HPLC to yield 7.1 mg (40 %). '"H NMR (600 MHz; DMSO): 6 8.45 (dd,J =4.8,0.8,
2H), 8.22 (bs, 1H), 7.81 (s, 4H), 7.76-7.72 (m, 3H), 7.50 (d,J = 7.9, 2H), 7.23-7.20 (dd, J
=72,48,2H),444 (t,/J=53,8H),4.15(q,/J=11.9,4H), 4.10 (s, 8H), 3.77 (t,J = 5.3,
8H), 3.70 (s, 4H), 3.51-3.49 (m, 8H), 3.46 (dt,J = 6.0, 2.9, 16H), 3.40 (dd,J=5.7,3.7,
8H), 3.21 (s, 12H), 2.97 (q,J =64, 2H), 2.84 (t,J=7.5,8H), 2.64 (t,J = 7.6, 8H), 2.42
(t,J=17.0,2H), 1.45 (quintet, J = 7.8, 2H), 1.36 (quintet, J = 7.8, 2H), 1.10 (s, 3H), 1.08

(s, 6H). HR-MS calc. for C;,,H,,,N,O,s [M+H]" m/z = 1695.8845. Found 1695.8813.
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[ReDPA-TEG]" (Re-24): Using general procedure 6, [ReDPA-yne]* (10 mg, 16.1 pmol)
and TEG-N; (4.6 mg, 25.2 umol) were dissolved in 0.4 mL DMF, followed by addition of
sodium ascorbate (1.6 mg, 8.1 pmol). After evacuation and backfilling with argon, CuSO,
(0.5 mg, 2.0 pmol) was added in 0.1 mL H,O. Upon completion, the reaction mixture was
purified by semi-prep HPLC to yield 8.3 mg (62 %). 'H NMR (700 MHz; DMSO): 6 8.81
(d,J=55,2H),8.00 (t,/=7.8,2H),7.96 (t,J = 5.6, 1H), 7.80 (s, 1H), 7.56 (d,/=17.9,
2H), 740 (t,J = 6.6,2H),4.90 (d,J = 16.7,2H), 4.84 (d,J=16.7,2H), 446 (t,J =52,
2H), 3.77 (m, 6H), 3.51 (m, 3H), 3.48 (m, 4H), 3.41 (t,J=4.7,3H), 3.23 (s, 3H), 3.15 (q,
J=64,2H),2.86 (t,J=7.7,2H),2.45 (t,J=7.7, 2H), 1.81 (m, 2H), 1.49 (m, 2H). HR-

MS calc. for C;;H,\N,O,Re [M]" m/z = 808.2592. Found 808.2590.

[ReDPA-G1-(TEG),]" (Re-25): Using general procedure 6, [ReDPA-G1-(yne),]" (10 mg,
12.2 pmol) and TEG-N; (6 mg, 29.3 umol) were dissolved in 0.4 mL of DMF, followed
by addition of sodium ascorbate (3.9 mg, 19.5 umol). After evacuation and backfilling
with argon, CuSO, (1.2 mg, 4.9 umol) was added in 0.1 mL H,O. Upon completion, the
reaction mixture was purified by semi-prep HPLC to yield 10.4 mg (71 %). 'H NMR (600
MHz; DMSO): 6= 8.82-8.81 (m, 2H), 8.00 (td,J = 7.8, 1.4, 2H), 7.90-7.88 (t, 1H), 7.84
(s,2H),7.54 (d,J=7.9,2H), 7.42-7.40 (t,J = 6.0 Hz, 2H), 4.94-4.84 (dd,J =414, 16.8,
4H), 445 (t,J =5.3,4H), 4.16 (dd,J = 30.3, 11.0, 4H), 3.81-3.77 (m, 6H), 3.52 — 3.51
(m, 4H), 349 — 347 (m, 8H), 3.42 — 3.40 (m, 5H), 3.23 (s, 6H), 3.19 - 3.16 (q,J = 6.6,

2H),2.88 (dd,J=9.5,5.5,4H),2.69 (dd,/=99,5.2,4H), 1.83-1.80 (m, 2H), 1.53-1.51
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(m, 2H), 1.13 (s, 3H). HR-MS calc. for C,;H,N,,0,,Re [M]" m/z = 1195.4478. Found

1195.4678.

[ReDPA-G2-(TEG),]" (Re-26): Using general procedure 6, [ReDPA-G2-(yne),]" (10 mg,
8.3 umol) and TEG-N; (8 mg, 39.7 umol) were dissolved in 0.4 mL of DMF, followed by
addition of sodium ascorbate (5.3 mg, 26.6 umol). After evacuation and backfilling with
argon, CuSO, (1.2 mg, 4.9 umol) was added in 0.1 mL H,O. Upon completion, the
reaction mixture was purified by semi-prep HPLC to yield 10.9 mg (67 %). 'H NMR (700
MHz; DMSO): é 8.81 (d,J=5.5,2H), 798 (td,J=17.8, 1.2, 2H), 795 (t,J = 5.5, 1H),
7.81 (s,4H),7.54 (d,J=79,2H),7.40 (t,J=6.7,2H),4.89 (q,J =21.7,4H),4.44 (t,J =
5.3, 8H), 4.18 (dd, J = 309, 109, 4H), 4.12 (s, 8H), 3.76 (t,J = 5.3, 8H), 3.50 (m, 8H),
347-3.46 (m, 14H), 3.40 (m, 8H), 3.21 (s, 12H), 3.15-3.11 (m, 2H), 2.85 (t,J = 7.5, 8H),
2.66 (t,J=7.6,8H), 1.82 (m, 2H), 1.51 (dt,J = 14.5,7.4,2H), 1.16 (s, 3H), 1.11 (s, 6H)

HR-MS calc. for Cg,H,,N 0,5 [M]" m/z = 1965.8172. Found 1965.8102.

[ReDPA-G3-(TEG)s]" (Re-27): Using general procedure 6, [ReDPA-G3-(yne)s]" (10
mg, 5.0 umol) and TEG-N; (11.4 mg, 60.2 umol) were dissolved in 0.4 mL of DMF,
followed by addition of sodium ascorbate (4.0 mg, 20.1 pumol). After evacuation and
backfilling with argon, CuSO, (1.0 mg, 4.0 umol) was added in 0.1 mL H,O. Upon
completion, the reaction mixture was purified by semi-prep HPLC to yield 11.1 mg (64
%). "H NMR (600 MHz; DMSO): 6= 8.81 (d,J = 5.6, 2H), 8.51 (s, 2H), 7.98 (q,J = 8.1,

3H), 7.81 (s, 8H), 7.54 (d,J = 7.8, 2H), 7.40 (t,J = 6.8, 2H), 6.84 (bs, 3H), 4.90 (q,/ =
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15.5,4H), 4.44 (t,J = 5.3, 16H), 421-4.16 (m, 12H), 4.11 (s, 16H), 3.77 (t,J = 5.3, 16H),
3.48 (m, 44H), 3.40 (m, 16H), 3.22 (s, 24H), 3.16 (s, 2H), 2.85 (t,J = 7.5, 16H), 2.66 (t, J
=75, 16H), 1.84 (bs, 2H), 1.52 (bs, 2H), 1.21 (s, 3H), 1.17 (s, 6H), 1.11 (s, 12H). HR-

MS calc. for C,5,H,;,N,;OsRe [M+2H]** m/z = 1169.8583. Found 1169.8525.

[CuDPA-TEGT* (Cu-24): Using general procedure 6, DPA-yne (10 mg, 28.5 umol) and
TEG-N; (8.1 mg, 42.8 umol) were dissolved in 0.4 mL of DMF, followed by addition of
sodium ascorbate (2.3 mg, 11.6 pumol). After evacuation and backfilling with argon,
CuSO, (0.7 mg, 2.9 pumol) was added in 0.1 mL H,O. Upon completion, the reaction
mixture was purified by semi-prep HPLC to yield 6.4 mg (37 %). HR-MS calc. for

C,H,,N,0,Cu [M]* m/z = 601.244. Found 601.244.

[CuDPA-G3-(TEG),]** (Cu-27): Using general procedure 6, DPA-G3-(yne), (10 mg, 5.8
pmol) and TEG-N; (13.3 mg, 70 umol) were dissolved in 0.4 mL of DMF, followed by
addition of sodium ascorbate (3.7 mg, 18.6 umol). After evacuation and backfilling with
argon, CuSO, (1.2 mg, 4.6 umol) was added in 0.1 mL H,O. Upon completion, the
reaction mixture was purified by semi-prep HPLC to yield 8.6 mg (45 %). HR-MS calc.

for C,,;H,3)N05;Cu [M+H]** m/z = 1100.5133. Found 1100.5188 (Figure S1).
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2.4.5. Radiolabeling

[TeDPA-TEG]" (Tc-24): Using general procedure 7, CuDPA-TEG (1 mg, 1.66 pmol) in
0.1 mL MeOH and 1 mL of [*™Tc¢(CO)3(OH,);]" (adjusted to the appropriate pH) in
saline were heated under microwave irradiation for the specified amount of time (Figure

S2.2-S2.4). RT: 8.90 min.

[TeDPA-G1-(TEG),]" (Te-25): Using general procedure 7, DPA-G1-(TEG), (0.23 mg,
250 nmol) in 0.1 mL MeOH and 1 mL of [**™Tc(CO)3(OH,);]” in saline were heated
under microwave irradiation for 5 min at 80 °C. HPLC: RT = 9.15 min. Isolated RCY: 86

+ 4 % (Figure S2.5).

[TeDPA-G2~(TEG)4]" (Tec-26): Using general procedure 7, DPA-G2-(TEG), (0.42 mg,
250 nmol) in 0.1 mL MeOH and 1 mL of [**™Tc(CO)3(OH,);]” in saline were heated
under microwave irradiation for 5 min at 80 °C. HPLC: RT = 9.09 min. Isolated RCY: 80

+ 6 %.

[TecDPA-G3-(TEG)s]" (Tc-27). Using general procedure 7, [CuDPA-G3-(TEG)s]*" (2.0
mg, 610 nmol) in 0.1 mL MeOH and 1 mL of [*™Tc¢(CO)3(OH,);]" in saline adjusted to
pH 5.5 were heated under microwave irradiation for 10 min at 100 °C. HPLC: RT = 9.88

min. [solated RCY: 36 + 4.
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Figure S2.1. Theoretical mass spectra of [CuDPA-G3-(TEG)s]*" (top) and experimental

data (bottom).
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Figure S2.2. Gamma HPLC traces from the radiolabeling of [CuDPA-TEG]*" with

[*™Tc(CO)3(H20)3]" at pH 7 for 3 min at 90 °C (left) and 110 °C (right).
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Figure S2.3. Gamma HPLC traces from the radiolabeling of [CuDPA-TEG]*" with

[*™Tc(CO)3(H20)3]" at pH 7 for 5 min at 90 °C (left) and 110 °C (right).
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Figure S2.4. Gamma HPLC traces from the radiolabeling of [CuDPA-TEG]*" with

[*™Tc(CO)3(H20)3]" at pH 7 for 10 min at 90 °C (left) and 110 °C (right).
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Figure S2.5. HPLC chromatograms of DPA-G1-(TEG), (top), [ReDPA-G1-(TEG),]"

(middle), and [TcDPA-G1-(TEG),]" (bottom).
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Chapter 3 — Functionalization and Evaluation of Bis-MPA Dendrimers with
Peripheral Acyloxymethyl Ketone (AOMK) Derivatives for Targeting Cathepsin B

for Molecular Imaging Applications

*The contents of this chapter is part of the following manuscript:

Sadowski, L. P., Edem, P. E., Valliant, J. F. and Adronov, A. (2016), Synthesis of
Polyester Dendpritic Scaffolds for Biomedical Applications. Macromol. Biosci..
doi: 10.1002/mabi.201600154.

The synthesis of azide functionalized AOMK derivatives and in vitro assays was carried

out by Patricia Edem. Synthesis of AOMK functionalized dendrimers was carried out by
Lukas Sadowski.
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Abstract

Imaging of cathepsin B, a lysosomal cysteine protease that is overexpressed in
numerous cancer types, can lead to better diagnostic tools. Herein, we examined the effect
of attaching multiple cathepsin B inhibitors to the periphery of a bis-MPA dendrimer,
with the aim of preparing high affinity molecular imaging agents for the visualization of
cathepsin B in vivo. An Acyloxymethyl ketone (AOMK) derivative, which serves as a
irreversible cathepsin B inhibitor was chosen as the targeting vector. Attachment of the
targeting vector via different linkers was evaluated to determine the effect on the length
and type of linker used. Although mono-valent AOMK derivatives demonstrated good
affinity towards cathepsin B (K; = 350-440 nM), multivalent AOMK inhibitors

demonstrated poor affinity towards the enzyme.
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3.1. Introduction

The discreet, stepwise synthesis of dendrimers allows the production of well-
defined, monodisperse structures that can be precisely modified at their core, interior, and
periphery."™ This enables the preparation of modular, multi-functional macromolecules

that are useful in a range of biomedical applications,”” including as drug delivery and

10-16 17,18

gene transfection agents, tissue repair scaffolds, and vehicles for magnetic

resonance  imaging (MRI) contrast agents."” >

In  particular, poly(2,2-
bis(hydroxymethyl)propanoic acid) (PMPA) dendrimers are ideally suited for biological
applications due to their intrinsic biocompatibility, hydrophilicity, rapid clearance in vivo
and the lack of undesirable non-specific binding.”> > The PMPA dendrimer structure has
been demonstrated as an efficient drug delivery vehicle for doxorubicin, allowing
complete regression of colon carcinoma cells in mice after a single treatment.”* In
addition, the multi-valent periphery of dendrimers allows them to display multiple copies
of targeting or therapeutic moieties on their surface. Multi-valent interactions between
the plurality of peripheral ligands and multiple copies of a receptor on a cell surface or in
extracellular spaces can lead to enhanced efficiency of binding between a macromolecule

and its biological target.”’

This has been demonstrated using the PMPA dendrimer
backbone for the preparation of a nuclear molecular imaging probe used to visualize
angiogenesis. Attachment of multiple RGD units to the dendrimer periphery via a
poly(ethylene glycol) (PEG) spacer’® led to a 50-fold improvement in affinity to the oyBs

receptors, relative to the mono-valent model compound, while exhibiting improved

clearance from non-target tissue. Thus, radiolabeled dendritic structures are ideal for
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applications in diagnostic radioimaging, including positron emission tomography (PET)
and single photon emission computed tomography (SPECT).”?’ However, broad
applicability of dendrimers in diagnostic imaging requires efficient decoration of the
dendrimer periphery with appropriate targeting vectors that promote binding to sites of
disease.

Cathepsin B (CB) is a cysteine protease capable of degrading laminin, fibronectin,
and type IV collagen within the extracellular matrix.”® This enzyme is known to be
overexpressed at the invasive edge of aggressively growing metastatic tumors, and has
attracted significant interest as a target for diagnostic imaging agents, as it has the
potential to enable early-stage detection of tumors and improve the outcome for cancer

patients.”” ™

Peptidyl acyloxymethyl ketones (AOMK3s) are a class of compounds known
to selectively and irreversibly inhibit cysteine proteases, such as cathepsins B, L, S, and
X, by alkylating a cysteine residue in the active site, forming a thioether.**** AOMKs can
therefore serve as effective targeting vectors for sites of CB overexpression, and have
been coupled to optical imaging and near infrared fluorescent (NIRF) agents to
investigate protease activity in living organisms.****’ More recently, activity-based
probes (ABPs) for CB, modeled after the AOMK structure, that can be used for PET
imaging have been developed by coupling an AOMK derivative to 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and subsequently radiolabeling
with **Cu.” The resulting imaging agent was found to exhibit low tumor uptake, but

nevertheless allowed for visualization of tumor tissue with reasonable signal to noise

levels.* Todinated AOMKs were also developed where different linkers containing aryl
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iodides were tested for their affinity for cathepsin B. Lead compounds were then
radiolabeled and tested in murine tumor models. Although these compounds were able to
detect cathepsin B activity in vitro, they underwent deiodination in vivo, thus exhibiting
low tumor uptake.”® Encouraged by this work, we set out to derivatize the periphery of a
PMPA dendrimer with multiple AOMK ligands using different length linkers, with the
aim of investigating the effect of linker chemistry and multivalent interactions on affinity
to cathepsin B. More broadly, we present a dendritic platform for applications in targeted
molecular imaging. The PMPA dendron structure consists of a core carboxylic acid that
enables precise attachment of a single radiolabel, while the periphery is functionalized
with terminal alkyne groups, which allow facile attachment of targeting ligands under
mild conditions using the Cu catalyzed azide alkyne cycloaddition (CuAAC) reaction. In
our studies, we show that an azide derivative of the AOMK inhibitor for CB can be
coupled to the dendron periphery using CuUAAC. The attachment of a bis(picolyl) amine
ligand to the core of the dendrimer allows for coordination to **"Tc for SPECT imaging.
Overall, the modular dendrimer platform we describe can be applied to a number of
different imaging modalities and a variety of disease targets by changing the functionality

at the core and the periphery, respectively.
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3.2. Results and Discussion

3.2.1. Synthesis of AOMK Derivatives with Different Spacers

Having developed the platform for functionalizing the dendrimer periphery under
mild conditions, and radiolabeling the core with *"Tc, we investigated the ability to
introduce multiple AOMK targeting agents for cathepsin B at the dendrimer periphery.
This was accomplished by converting the free amine of the lysine residue on AOMK,
prepared according to literature procedures,” to an azide functionality via amidation with
either an aliphatic azide-terminated acid of various length, or a commercially available
triethylene glycol unit bearing an azide on one end and an acid group on the other
(Scheme 3.1). In order to determine the effect of spacer length, the aliphatic chains used
for amidation included a C,, Cs4, or C¢ chain length. The triethylene glycol linker was
employed to determine the effect of introducing greater hydrophilicity to the dendrimer
periphery. Coupling of the azide linkers to the AOMK derivative was accomplished at
room temperature using isobutyl chloroformate (IBCF) or benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) to form the amide bond
between the inhibitor and azide functionalized linker (Scheme 3.1).* This mild coupling
strategy was required as the AOMK derivative tends to epimerize upon treatment with

strong acids, bases, or heat, which results in a loss of affinity toward cathepsin B.
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Scheme 3.1. Preparation of AOMK targeting ligands attached to an azide group via

different linkers.

3.2.2. Conjugation of Targeting Ligands and in vitro Evaluation

The AOMK analogues bearing C,, Cs, and Cs spacers (1a-c) were first coupled to
[ReDPA-G1-(yne),]" to produce first-generation dendrimers 3-5 (Figure 3.1), allowing
determination of the effect of spacer length. A colorimetric kinetic assay previously
employed to evaluate iodinated AOMK derivatives™ was used to determine the binding
affinities of the non-radioactive imaging agent analogues (for details, see experimental
section). Briefly cathepsin B, isolated from human liver, was added to solutions of the
colorimetric cathepsin B substrate (Z-RR-pNA) and the AOMK derivatives. Enzyme
activity was monitored over time by measuring the release of para-nitroanilide by
measuring absorption at 405 nm. From this data, the inhibition and second-order rate

constants (K; and ki/K;, respectively) were determined.
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In vitro evaluation of compounds 3-5 revealed that attachment of the AOMK to
the dendrimer via the C,; spacer (compound 4) displayed the best affinity toward
cathepsin B among the G1 derivatives (Figure 3.2A). Thus, the C4 derivative of AOMK
(1b) was coupled to [ReDPA-G2-(yne)s]" and its monovalent analogue [ReDPA-yne]’, to
produce compounds 8 and 2, respectively (Figure 3.1). Furthermore, the analogous
dendron series bearing the more hydrophilic TEG spacer was prepared via the attachment
of 1d to the GO, G1, and G2 dendrons, producing compounds 2, 7, and 9 (Figure 3.1).
Attachment of the AOMK targeting ligands to the dendron periphery was carried out
using CuSO4/Na ascorbate in DMF under Ar. The reaction was followed by LC-MS,
which indicated rapid disappearance of the dendron starting material and no detectable
partially functionalized dendrimer present after 8 h. Removal of any residual copper was

accomplished by semi-preparative HPLC.
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Figure 3.1. Structures of the investigated AOMK-dendrimer conjugates.
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The resulting affinity of the AOMK-dendrimer conjugates proved to not only be
sensitive to the spacer length, but also its hydrophobicity, as summarized in Figure 3.2.
The monovalent GO analogues 2 and 3 had the highest affinity toward cathepsin B, with
second-order rate constants (ki/K;) of 13,400 + 700 and 11,300 + 400 s'M™" (Figure 3.2B)

and K. values of 350 + 40 nM and 440 + 20 nM respectively (data not shown).

Unfortunately, the attachment of multiple copies of AOMK resulted in a decrease in
affinity, likely due to steric effects and possibly also to the hydrophobicity of the
molecules (Figure 3.2B). A similar trend was observed by Liskamp and co-workers in
their preparation and evaluation of [Try’]Jocteotride multivalent radioimaging probes

targeting somatostatin receptors.”””’

In that study, the authors attributed the decreased
affinity to increasing lipophilicity of the multivalent targeted derivatives. For this reason,
the TEG spacer was utilized in an attempt to increase the hydrophilicity of the targeting
vectors. Surprisingly, the dendrimer-TEG-AOMK derivatives exhibited even lower
affinity toward cathepsin B. This result may be attributed to aggregation of the
hydrophobic AOMK ligands to form multi-dendrimer assemblies that internalize the
ligands, making them inaccessible to the enzyme. Alternatively, it is possible that the
AOMK structures undergo backfolding in aqueous solution, exposing the triethylene

glycol chains to the dendrimer periphery, which sterically block their access to the active

site of cathepsin B.
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Figure 3.2. Comparison of second-order rate constants for G1 dendrimer with different
length alkyl linkers (A) and comparison of second-order rate constant between the C4 and

TEG spacers on different generation dendrimers (B).

3.3. Conclusions

A series of derivatives bearing different spacers between the AOMK derivative
and the dendrimer reveal the importance of the spacer. Although affinity of the AOMK-
dendrimer conjugates increases with increasing spacer length, a decrease in affinity is
observed with increasing generation. Imparting hydrophilicity while extending the spacer
length with a short TEG spacer did not resolve the problem. We hypothesize that

hydrophobicity coupled with steric congestion around the periphery of the dendrimer
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results in the ligand being unable to access the active site of the enzyme. Thus, efficient
coupling of complex macromolecules to the periphery of dendrimers has been
demonstrated, however, AOMK derivatives are not suitable for taking advantage of the
multivalent platform offered herein. Future work will explore this dendrimer scaffold

with other targeting ligands that can take advantage of multivalent binding.
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3.4. Experimental

3.4.1. General

All chemicals, unless otherwise stated, were purchased from Sigma—Aldrich, TCI, GFS,
Novabiochem, or Bachem and used without further purification. For screening studies,
human liver cathepsin B and Cbz-Arg-Arg- pNA were purchased from Calbiochem and
Enzo Life Sciences, respectively. (S)-5-((S)-2-(((Benzyloxy)carbonyl)amino)-3-
phenylpropan-amido)-6-oxo-7-((2,4,6-trimethylbenzoyl)oxy)heptan-1-ammonium
trifluoroacetate was synthesized as previously described.”® NMR spectra were collected
on a Bruker Avance 600 MHz NMR spectrometer and calibrated to the solvent peak. A
Micromass QTOF Global Ultima was used to obtain exact masses and HPLC was
conducted on an Agilent HPLC equipped with PDA detector and a Phenomenex Luna
C18 column. Reagents used in the assay buffer were from Sigma Aldrich. Inhibitors were
dissolved in biological-grade DMSO and diluted in the assay buffer. Black, clear-bottom
96-well plates were obtained from BD Biosciences. L-3-Trans-(propylcarbamyl)oxirane-
2- carbonyl-L-isoleucyl-L-proline (CA-074) was obtained from EMD Biosciences,
precast gels were from Bio-Rad, and the gel drying kit was from Promega. According to
HPLC analysis, supported by 'H and ?C NMR spectroscopy and high-resolution mass
spectrometry (HRMS), the chemical purity of all compounds screened for cathepsin B

inhibition was >95%.

General procedure for CuAAC. 1 eq of ReDPA-Gx-(yne),, 1.2 eq of azide/alkyne and

0.8 eqg/alkyne of sodium ascorbate were dissolved in DMF. The flask was evacuated
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under vacuum and backfilled with nitrogen three times. 0.2 eqg/alkyne of CuSO, in H,O
was added to the reaction vessel and stirred at room temperature overnight. The crude
reaction mixture was concentrated by rotary evaporation and purified by semi-prep HPLC
to afford the product. A method comprised of water and acetonitrile as eluents, each
containining 0.1% formic acid, was utilized. For AOMK functionalized dendrimers, the
HPLC method was as follows: A gradient of 97% water to 5% water over 15 minutes,
followed by 3 minutes at 5% water. This was followed by a sharp gradient to 97% water

over 1 minute and re-equilibration at 97% water over 4 minutes.

3.4.2. Synthesis

(S)-7-(2-azidoacetamido)-3-((S)-2-(((benzyloxy)carbonyl)amino)-3-
phenylpropanamido)-2-oxoheptyl 2,4,6-trimethylbenzoate — AOMK-C,-N; (1a). In a
flame dried round bottom flask containing a solution of azidoacetic acid’* (35.4 mg, 350
umol) in CHCl; (5 mL) at -20 °C, NMM (38 uL, 350 pmol) and IBCF (45 pL, 350 umol)
were added and left to stir for 1 min. To this, (S)-5-((S)-2-(((Benzyloxy)carbonyl)amino)-
3-phenylpropanamido)-6-oxo-7-((2,4,6-trimethylbenzoyl)oxy)heptan-1-ammonium
trifluoroacetate®® (246 mg, 350 umol) and NMM (38 uL, 350 pmol) were added and the
solution was left to stir overnight while warming to room temperature. The solvent was
removed under reduced pressure, EtOAc (25 mL) was added, and then extracted with sat.
NaHCO; (3 x 15 mL), water (20 mL), 5% (w/v) citric acid (3 x 15 mL), water (20 mL),
brine (20 mL) and dried over Na,SOs. The solvent was removed by rotary evaporation

and the product was isolated as a white solid following column chromatography using
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EtOAc/hexanes (2:1). Yield (35.1 mg, 15%). TLC (2:1 EtOAc/Hex): R¢ = 0.28. 'H NMR
(500 MHz; DMSO): § 8.50 (d, J = 7.5, 1H), 8.06 (t,J = 5.3, 1H), 7.64 (d, J = 8.2, 1H),
7.34-7.18 (m, 10H), 6.92 (s, 2H), 4.97 (s, 2H), 4.90 (d, J= 17.2, 1H), 4.80 (d, J = 17.2,
1H), 4.37-4.31 (m, 2H), 3.79 (s, 2H), 3.10-3.01 (m, 3H), 2.82 (dd, J = 13.5, 9.8, 1H), 2.27
(s, 6H), 2.25 (s, 3H), 1.84-1.77 (m, 1H), 1.61-1.53 (m, 1H), 1.46-1.36 (m, 2H), 1.35-1.23
(m, 2H). °C NMR (126 MHz; DMSO): & 202.5, 171.8, 168.0, 166.8, 155.7, 138.9, 137.6,
136.8, 134.8, 129.8, 129.1, 128.10, 128.06, 127.92, 127.53, 127.35, 126.2, 66.4, 65.1,

55.9,55.7,50.6, 38.2,37.1, 28.9, 28.3, 22.1, 20.5, 19.2.

(S)-7-(4-azidobutanamido)-3-((S)-2-(((benzyloxy)carbonyl)amino)-3-
phenylpropanamido)-2-oxoheptyl 2,4,6-trimethylbenzoate - AOMK-C4-N; (1b). In a
flame dried round bottom flask containing a solution of 4-azidobutanoic acid’ (73.6 mg,
570 pmol) in THF (12 mL) at -30 °C, NMM (63 pL, 570 umol) and IBCF (75 pL, 570
umol) were added and left to stir 20 min. under Ar. To this, (S)-5-((S)-2-
(((Benzyloxy)carbonyl)amino)-3-phenylpropanamido)-6-oxo-7-((2,4,6-
trimethylbenzoyl)oxy)heptan-1-ammonium trifluoroacetate™ (400 mg, 570 pmol) and
NMM (126 pL, 1.14 mmol) were added and the solution was left to stir overnight while
warming to room temperature. The solvent was removed under reduced pressure, CH,Cl,
(50 mL) was added, and then extracted with sat. NaHCOs (3 x 20 mL), water (30 mL),
5% (w/v) citric acid (3 x 20 mL), water (30 mL), brine (3 x 20 mL) and the organic layer
dried over Na,SO4. The solvent was removed by rotary evaporation and the product was

isolated as a white solid following flash chromatography using a gradient of 50%-66%
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EtOAc/hexanes (2:1). Yield (187 mg, 47%). TLC (5% MeOH/CH,CL,): R = 0.46. 'H
NMR (600 MHz; DMSO): 6 8.49 (d,J= 7.5, 1H), 7.81 (t,J = 5.4, 1H), 7.63 (d, J = 8.3,
1H), 7.34-7.18 (m, 10H), 6.92 (s, 2H), 4.96 (s, 2H), 4.90 (d, /= 17.2, 1H), 4.80 (d, J =
17.2, 1H), 4.36-4.31 (m, 2H), 3.29 (t, J = 6.8, 2H), 3.04-3.01 (m, 3H), 2.83-2.79 (m, 1H),
2.27 (s, 6H), 2.25 (s, 3H), 2.13 (t, J = 7.4, 2H), 1.81-1.77 (m, 1H), 1.76-1.70 (m, 2H),
1.58-1.53 (m, 1H), 1.42-1.23 (m, 4H). °C NMR (151 MHz; DMSO): § 202.6, 172.0,
170.9, 168.2, 155.8, 139.1, 137.8, 136.9, 134.9, 129.9, 129.24, 129.20, 128.26, 128.22,
128.08, 127.69, 127.50, 126.3, 66.6, 65.3, 56.04, 55.88, 50.3, 38.2, 37.2, 32.2, 29.1, 28.7,
24.5, 22.4, 20.7, 19.3. HRMS Calcd. for C3gH4NsO7Na [M+Na]": 721.3326. Found:

721.3312.

(S)-7-(6-Azidohexanamido)-3-((S)-2-(((benzyloxy)carbonyl)amino)-3-
phenylpropanamido)-2-oxoheptyl 2,4,6-trimethylbenzoate — AOMK-Cs-N3 (1¢). In a
flame dried round bottom flask containing PyBOP (291 mg, 560 pmol) and 6-
azidohexanoic acid™® (88 mg, 560 pmol) were dissolved in anhydrous DMF (10 mL)
under Ar at 0 °C. Et;N (78 uL, 560 pmol) was added the reaction was left to stir for 5
min. EtN (156 uL, 1.12 mmol) and (S)-5-((S)-2-(((Benzyloxy)carbonyl)amino)-3-
phenylpropanamido)-6-oxo-7-((2,4,6-trimethylbenzoyl)oxy)heptan-1-ammonium
trifluoroacetate®® (393 mg, 560 umol) were added and the reaction was stirred at room
temperature for 16 h. Water (15 mL) was added and the mixture was extracted with

CH,Cl; (3 x 15 mL). The combined organic fractions were extracted with sat. NaHCOs (3

x 15 mL), brine (3 x 15 mL) and dried over MgSO4. The solvent was removed under
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reduced pressure and the product was isolated following flash chromatography using a
gradient of 1% - 20% MeOH/CH,Cl, as a white solid. Yield (250 mg, 66%). TLC
(5%MeOH/CH,Cl,): Re = 0.49. '"H NMR (600 MHz; DMSO): & 8.50 (d, J = 7.5, 1H),
7.74 (t,J=5.7, 1H), 7.64 (d, J= 8.3, 1H), 7.35-7.19 (m, 10H), 6.93 (s, 2H), 4.98 (d, J =
6.7, 2H), 492 (d, J=17.2, 1H), 4.81 (d, J= 17.2, 1H), 4.37-4.33 (m, 2H), 3.30-3.27 (m,
3H), 2.85-2.82 (m, 1H), 2.28 (s, 6H), 2.26 (s, 3H), 2.07-2.04 (m, 2H), 1.84-1.77 (m, 1H),
1.61-1.56 (m, 1H), 1.53-1.49 (m, 5H), 1.41-1.30 (m, 3H), 1.30-1.26 (m, 4H). °C NMR
(151 MHz; DMSO): & 202.6, 172.0, 171.7, 168.2, 155.9, 139.1, 137.8, 136.9, 134.9,
129.9, 129.2, 128.26, 128.22, 128.08, 127.69, 127.50, 126.3, 66.6, 65.3, 56.05, 55.90,
50.5, 38.1, 37.2, 35.2, 29.1, 28.8, 28.0, 25.8, 24.8, 22.4, 20.7, 19.3. HRMS Calcd. for

CaoHs1NgO; [M+H]": 727.3819. Found: 727.3844.

(S)-1-azido-17-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-11,18-
dioxo-3,6,9-trioxa-12-azanonadecan-19-yl 2,4,6-trimethylbenzoate — AOMK-TEG-
N3 (1d). In a flame dried round bottom flask containing a solution of 11-azido-3,6,9-
trioxoundecanoic acid (70 mg, 300 mmol) in THF (12 mL) at -18 °C, NMM (33 uL, 300
umol) and IBCF (40 pL, 300 pmol) were added and left to stir 20 min. To this, (S)-5-((S)-
2-(((Benzyloxy)carbonyl)amino)-3-phenylpropanamido)-6-oxo-7-((2,4,6-
trimethylbenzoyl)oxy)heptan-1-ammonium trifluoroacetate (211 mg, 300 pmol) was
added and the solution was left to stir overnight while warming to room temperature. The
solvent was removed under reduced pressure, CH,Cl, (25 mL) was added, and the

solution was extracted with water (10 mL), sat. NaHCO; (3 x 10 mL), water (10 mL), 5%
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(w/v) citric acid (3 x 10 mL), water (10 mL), brine (3 x 10 mL) and dried over Na,SO..
The solvent was removed by rotary evaporation and the product was isolated as a yellow
oil following flash chromatography using a gradient of 1% - 10% MeOH/CH,Cl,. Yield
(154 mg, 64%). TLC (5%MeOH/CH,Cl,): R = 0.33. '"H NMR (600 MHz; DMSO): &
8.50 (t,J= 6.8, 1H), 7.67-7.64 (m, 1H), 7.64-7.62 (m, 1H), 7.35-7.19 (m, 10H), 6.93 (s,
2H), 4.98 (s, 2H), 4.92 (d, J=17.2, 1H), 4.82 (d, J= 17.2, 1H), 4.37-4.32 (m, 2H), 3.87
(s, 2H), 3.61-3.55 (m, 10H), 3.39 (t,J = 4.9, 2H), 3.12-3.08 (m, 2H), 3.05-3.02 (m, 1H),
2.84-2.80 (m, 1H), 2.28 (s, 6H), 2.26 (s, 3H), 1.84-1.78 (m, 1H), 1.62-1.55 (m, 1H), 1.47-
1.37 (m, 2H), 1.38-1.24 (m, 2H). 13-C NMR (151 MHz; DMSO): 6 202.6, 172.0, 169.0,
168.2, 164.2, 139.1, 137.8, 134.9, 133.1, 129.9, 129.2, 128.26, 128.22, 128.08, 127.69,
127.51, 126.3, 70.2, 70.0, 69.76, 69.65, 69.55, 69.2, 66.6, 65.3, 50.0, 37.8, 37.3, 29.1,
28.8, 22.3, 20.7, 19.3. HRMS Calcd. for C4HssNgOjo [M+H]": 803.3980. Found:

803.3964.

[ReDPA-(C4,~AOMK)]" (2): Using the general procedure, [ReDPA-(Pentynoic alkyne)]”
(10 mg, 16.1 umol) and AOMK-C4-N3 (14 mg, 20 pmol) were dissolved in 0.4 mL of
DMF, followed by addition of sodium ascorbate (2.6 mg, 12.9 umol). After evacuation
and backfilling with argon, CuSO4 (0.8 mg, 3.2 umol) was added in 0.1 mL H,O. Upon
completion, the reaction mixture was purified by semi-prep HPLC to yield 13.6 mg of
product as a white solid (64 %). 'H NMR (600 MHz; DMSO): & 8.81 (d, J = 5.4, 2H),
8.52-8.51 (d, J = 7.2, 1H), 8.01-7.96 (m, 3H), 7.83-7.81 (m, 2H), 7.65-7.64 (d, J = 8.4,

1H), 7.56 (d, J = 7.9, 2H), 7.40 (t, J = 6.6, 2H), 7.34-7.26 (m, 9H), 7.22-7.19 (m, 1H),
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6.92 (s, 2H), 4.97-4.79 (m, 8H), 4.36-4.32 (m, 2H), 4.30-4.26 (t, J — 6.6, 2H), 3.80-3.75
(m, 4H), 3.63-3.59 (t, J = 6.0, 1H), 3.16-3.13 (q, J = 6.0, 2H), 3.05-2.99 (m, 3H), 2.90-
2.74 (m, 4H), 2.47-2.44 (t, J = 7.2, 2H), 2.26-2.24 (m, 9H), 2.08-2.04 (m, 3H), 2.01-1.97
(quintet, J = 6.6, 2H), 1.84-1.76 (m, 4H), 1.58-1.46 (m, 3H), 1.40-1.22 (m, 6H). HR-MS

calc. for C62H75N10011Re [M]2+ m/z = 660.2506. Found 660.2530.

[ReDPA-(TEG-AOMK)|" (3): Using the general procedure, [ReDPA-(Pentynoic
alkyne)]” (10 mg, 16.1 umol) and AOMK-TEG-N; (16 mg, 19.3 pmol) were dissolved in
0.4 mL of DMF, followed by addition of sodium ascorbate (2.6 mg, 12.9 umol). After
evacuation and backfilling with argon, CuSO4 (0.8 mg, 3.2 umol) was added in 0.1 mL
H,0O. Upon completion, the reaction mixture was purified by semi-prep HPLC to yield
15.8 mg of product as a white solid (69 %). '"H NMR (600 MHz; DMSO): & 8.74 (d, J =
5.1,2H), 8.44 (d,J= 7.5, 1H), 7.93-7.89 (m, 3H), 7.73 (s, 1H), 7.61 (t,J= 5.9, 1H), 7.56
(d,J=283, 1H), 749 (d,J= 7.9, 2H), 7.33 (t,J = 6.6, 2H), 7.30-7.16 (m, 9H), 7.17-7.11
(m, 1H), 6.85 (s, 2H), 4.90-4.73 (m, 8H), 4.38 (t, J= 5.3, 2H), 4.29-4.23 (m, 2H), 3.79 (s,
2H), 3.74-3.65 (m, 4H), 3.45-3.42 (m, 37H), 3.08 (q, /= 6.4, 2H), 3.01 (q, J = 6.6, 2H),
296 (dd,J=13.5,5.2, 1H), 2.79 (t,J= 7.7, 2H), 2.75 (dd, J= 13.7, 9.9, 1H), 2.38 (t, J =
7.7, 2H), 2.19 (d, J= 11.8, 9H), 1.75-1.73 (m, 3H), 1.52-1.49 (m, 1H), 1.42 (quintet, J =
7.1, 2H), 1.37-1.32 (m, 2H), 1.29-1.13 (m, 3H). HR-MS calc. for CesHsoNioO14Re

[M+H]*" m/z = 712.2743. Found 712.2736.

91



Ph.D Thesis - Lukas P. Sadowski McMaster - Chemistry & Chemical Biology

[ReDPA-G1-(C2-AOMK),]" (4): Using the general procedure, [ReDPA-G1-(yne),]" (1.4
mg, 1.7 umol) and AOMK-C,-Nj3 (2.6 mg, 3.6 umol) were dissolved in 0.4 mL of DMF,
followed by addition of sodium ascorbate (0.5 mg, 2.7 umol). After evacuation and
backfilling with argon, CuSO4 (0.2 mg, 0.7 pumol) was added in 0.1 mL H,O. Upon
completion, the reaction mixture was purified by semi-prep HPLC to yield 2.3 mg of a
white solid (63 %). HR-MS calc. for CjosH 2N 1602:,Re [M+H]*" m/z = 1079.4277. Found

1079.4310.

[ReDPA-G1-(C4,~AOMK),]" (5): Using the general procedure, [ReDPA-G1-(yne),]" (10
mg, 12.2 pmol) and AOMK-C4-N3 (21 mg, 30.1 pmol) were dissolved in 0.4 mL of DMF,
followed by addition of sodium ascorbate (3.9 mg, 19.5 pumol). After evacuation and
backfilling with argon, CuSO4 (1.2 mg, 4.9 umol) was added in 0.1 mL H,O. Upon
completion, the reaction mixture was purified by semi-prep HPLC to yield 13.0 mg of
product as a white solid (48 %). 'H NMR (600 MHz; DMSO): & 8.73 (d, J = 5.4, 2H),
8.47 (m, 4H), 7.90 (t,J= 7.8, 2H), 7.80 (t,J = 5.6, 1H), 7.75 (s, 4H), 7.60-7.58 (m, 2H),
7.46 (t,J=17.0,2H), 7.34-7.31 (t,J = 5.4, 2H), 7.26-7.18 (m, 18H), 7.12 (m, 2H), 6.84, (s,
4H), 4.89-4.71 (m, 12H), 4.29-4.24 (m, 4H), 4.18 (t,J= 7.0, 4H), 4.07 (q, J = 13.8, 4H),
3.73-3.69 (m, 2H), 3.08 (dt, J = 10.3, 5.0, 2H), 2.96-2.93 (m, 6H), 2.79 (t,J = 7.4, 4H),
2.60 (t,J= 7.5, 4H), 2.19 (m, 18H), 1.97-1.96 (m, 4H), 1.90 (quintet, J = 6.6, 4H),1.75-
1.69 (m, 4H), 1.52-1.41 (m, 4H), 1.35-1.16 (m, 8H), 1.07-1.03 (s, 3H). HR-MS calc. for

C110H129N16022Re [1\/["‘H]2+ m/z=1107.4591. Found 1107.5606.
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[ReDPA-G1-(Cs-AOMK),]" (6): Using the general procedure, [ReDPA-G1-(yne),]" (10
mg, 12.2 pymol) and AOMK-C¢-N3 (22 mg, 30.3 pmol) were dissolved in 0.4 mL of DMF,
followed by addition of sodium ascorbate (3.9 mg, 19.5 umol). After evacuation and
backfilling with argon, CuSO4 (1.2 mg, 4.9 umol) was added in 0.1 mL H,O. Upon
completion, the reaction mixture was purified by semi-prep HPLC to yield 16.1 mg of
product as a white solid (58 %). 'H NMR (600 MHz; DMSO): & 8.80 (d, J = 5.7, 2H),
8.50 (d, J= 7.4, 2H), 8.12 (s, 1H), 8.03-7.94 (m, 3H), 7.86 (t,J= 5.8, 1H), 7.81 (s, 2H),
7.72 (t, J= 6.2, 2H), 7.64 (d, J= 8.1, 1H), 7.52 (d, J= 7.7, 2H), 7.39 (t, J = 7.1, 2H),
7.34-7.24 (m, 12H), 7.20 (q, J = 6.4, 2H), 6.92 (s, 4H), 4.96-4.79 (m, 12H), 4.64 (d, J =
6.9, 2H), 4.34 (dt, J=15.6, 6.9, 4H), 4.22 (t,J= 7.1, 4H), 4.18-4.11 (m, 4H), 3.78 (t,J =
8.0, 2H), 3.16 (q, J= 6.7, 2H), 3.05-2.94 (m, 6H), 2.90-2.80 (m, 6H), 2.75-2.69 (m, 4H),
2.67 (t,J= 1.5, 4H), 2.28-2.24 (m, 12H), 2.02 (t,J = 7.6, 4H), 1.83-1.76 (m, 4H), 1.73
(dt,J=13.6, 6.4, 4H), 1.56-1.46 (m, 8H), 1.40-1.22 (m, 10H), 1.17 (dt, /= 15.3, 7.8, 4H),
1.12 (s, 3H).. HR-MS calc. for C;14H;37N40Re [M+H]*" m/z = 1135.4905. Found

1135.4908.

[ReDPA-G1-(TEG-AOMK),]" (7): Using the general procedure, [ReDPA-G1-(yne).]"
(10 mg, 12.2 umol) and AOMK-TEG-N3 (24 mg, 29.9 umol) were dissolved in 0.4 mL of
DMF, followed by addition of sodium ascorbate (3.9 mg, 19.5 umol). After evacuation
and backfilling with argon, CuSO4 (1.2 mg, 4.9 umol) was added in 0.1 mL H,O. Upon
completion, the reaction mixture was purified by semi-prep HPLC to yield 16.1 mg of

product as a white solid (55 %). 1-H NMR (600 MHz; DMSO): 6 8.73 (d, J = 5.6, 2H),
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8.43 (d, J=17.4, 2H), 7.94-7.88 (m, 3H), 7.78 (t,J= 5.5, 1H), 7.74 (s, 2H), 7.61-7.54 (m,
4H), 7.45 (d, J = 8.0, 2H), 7.32 (t, J = 6.5, 2H), 7.29-7.15 (m, 17H), 7.13-7.11 (m, 2H),
6.84 (s, 4H), 4.89 (s, 4H), 4.87-4.70 (m, 8H), 4.57 (d, J= 6.9, 1H), 4.36 (t,J = 5.3, 4H),
4.30-4.22 (m, 4H), 4.07 (dd, J = 28.0, 11.0, 4H), 3.79-3.75 (m, 4H), 3.74-3.67 (m, 6H),
3.49-3.38 (m, 16H), 3.12-3.06 (q, J = 6.0, 2H), 3.04-2.92 (m, 6H), 2.83-2.82 (m, 3H),
2.82-2.77 (m, 5H), 2.69-2.65 (m, 4H), 2.21-2.16 (m, 16H), 1.76-1.68 (m, 4H), 1.60-1.25
(m, 16H) 1.07 (s, 3H). HR-MS calc. for C;;6H 4N 6025Re [M+Na]*" m/z = 1211.5052.

Found 1211.5021.

[ReDPA-G,-(Cs~AOMK)4]" (8): Using the general procedure, [ReDPA-G2-(yne)s]” (10
mg, 8.3 pumol) and AOMK-C4-N3 (28 mg, 40.1 umol) were dissolved in 0.4 mL of DMF,
followed by addition of sodium ascorbate (5.2 mg, 26.5 pumol). After evacuation and
backfilling with argon, CuSO4 (1.6 mg, 6.6 umol) was added in 0.1 mL H,O. Upon
completion, the reaction mixture was purified by semi-prep HPLC to yield 16.6 mg of a
white solid (50 %). '"H NMR (600 MHz; CDCI3): & 8.82-8.77 (m, 2H), 8.53 (dd, J=17.1,
8.1, 4H), 7.99-7.91 (m, 3H), 7.80 (d, J = 21.0, 4H), 7.64 (d, J = 8.1, 2H), 7.53 (q, J = 7.4,
2H), 7.37 (dd, J=11.6, 5.1, 2H), 7.35-7.22 (m, 18H), 7.19 (q, J = 8.6, 4H), 6.92 (s, 4H),
4.95-4.73 (m, 13H), 4.38-4.29 (m, 6H), 4.25 (t,J = 7.0, 4H), 4.22-4.07 (m, 10H), 3.81-
3.74 (m, 3H), 3.06-2.94 (m, 8H), 2.87-2.81 (m, 6H), 2.65 (t, J = 7.6, 4H), 2.25 (d, J =
30.9, 16H), 2.05 (t, J= 7.2, 4H), 1.96 (dd, J = 14.0, 7.2, 4H), 1.79 (ddd, J = 23.0, 14.5,
5.5, 4H), 1.60-1.45 (m, 6H), 1.42-1.25 (m, 10H), 1.19-1.14 (s, 3H), 1.16-1.04 (s, 6H).

HR-MS calc. for C206H245N28044Re [M+2H]3+ m/z = 1334.2538. Found 1335.2255.
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[ReDPA-G2-(TEG-AOMK)4]" (9): Using the general procedure, [ReDPA-G2-(yne)s]"
(10 mg, 8.3 pmol) and AOMK-TEG-Nj3 (32 mg, 39.9 umol) were dissolved in 0.4 mL of
DMF, followed by addition of sodium ascorbate (5.2 mg, 26.5 umol). After evacuation
and backfilling with argon, CuSO4 (1.6 mg, 6.6 umol) was added in 0.1 mL H,O. Upon
completion, the reaction mixture was purified by semi-prep HPLC to yield 22.4 mg of a
white solid (61 %). 1-H NMR (600 MHz; DMSO): 6 8.80 (d, J= 5.3, 2H), 8.51 (d, J =
7.4, 4H), 7.99-7.95 (t, J= 4.2, 2H), 7.96-7.92 (t,J= 5.4, 1H), 7.80 (s, 4H), 7.70-7.60 (m,
7H), 7.54 (d, J= 7.9, 2H), 7.42-7.36 (m, 2H), 7.39 (t, J = 6.6, 2H), 7.33-7.25 (m, 32H),
7.21-7.18 (m, 4H), 7.03-6.80 (s, 8H), 4.99 (s, 8H), 4.97-4.79 (m, 16H), 4.43 (t,J= 5.3,
7H), 4.37-4.29 (m, 8H), 4.21-4.14 (m, 4H), 4.15-4.05 (s, 8H), 3.87-3.82 (m, 8H), 3.76 (t,
J=153,8H), 3.54-3.45 (m, 32H), 3.17-3.12 (m, 2H), 3.13-2.98 (m, 12H), 2.87-2.80 (m,
10H), 2.67-2.62 (m, 8H), 2.31-2.21 (m, 32H), 1.82-1.76 (m, 4H), 1.61-1.50 (m, 6H),
1.47-1.21 (m, 22H), 1.19-1.16 (m, 3H), 1.14-1.09 (m, 6H). HR-MS calc. for

C222H276N23056Re [M+3H]4+ m/z = 1105.7383. Found 1105.7264.

3.4.3. Determination of Inhibition Constants

Cathepsin B (200 nM) was preincubated for 30 min at 37 °C in a solution of 5
mM DTT and 0.01% (v/v) Tween-20. The substrate, Cbz-Arg-Arg-pNA (25 pL), and the
AOMKs (50 pL) were added the wells of a 96-well microplate containing the assay
buffer. The reaction was initiated by the addition of cathepsin B, resulting in a substrate
concentration of 500 uM, inhibitor concentrations from 25 nM to 1 uM, and an enzyme

concentration of 5 nM. Formation of the p-NA product was monitored for 60 min at 405
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nm at 37 °C using a Bio-Rad EL 808 plate reader. Measurements were obtained in
triplicate. Absorbance vs. time measurements were analyzed using non-linear regression
to determine the pseudo first-order rate constant (kops) in accordance to: Absorbance =
Ae*™® + B, The second-order rate constant, (ki/K;), the apparent inactivation rate (k;),

and the inhibition constant (K;) (where possible) were determined in accordance to: kqps =

ki[l
Ki+|

]1] for hyperbolic relationships or kops = % [I] for linear relationships. Equations were

solved using GraphPad Prism software.
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Chapter 4. Synthesis and In Vitro Affinity of PSMA Targeted Dendrimers for
Molecular Imaging Applications.
*All synthesis work presented in this chapter was carried out by Lukas Sadowski.

Synthesis of compound 9 was first performed by Stuart McNelles. In vitro assays were
carried out by Nancy Janzen.
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Abstract

Multimerization of lys-urea-glu dipeptide for targeting of PSMA was
accomplished via attachment to a G1 and G2 bis-MPA dendrimer. Attachment of the
targeting vector to the dendrimer was achieved via either a hydrophobic or hydrophilic
linker of similar length. /n vitro affinity of the resulting compounds indicated an increase
in affinity of G2 targeted dendrimers compared to the G1 analogues. Furthermore, the
dendrimers utilizing the hydrophobic linker resulted in derivatives with the highest
affinity towards PSMA. From these results, a lead compound was chosen for further

evaluation in vivo.
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4.1. Introduction

Prostate cancer (PCa) is one of the most widely diagnosed cancers in developed
countries.' Therefore, the need for early diagnosis and treatment is of utmost importance
for survival. Imaging prostate cancer is not only important for detection and initial
staging, but also for therapeutic monitoring.” Imaging of PCa with '*F-FDG is of limited
utility in early detection, despite showing uptake in advanced PCa.’ Although certain
imaging agents have been shown to exhibit uptake in PCa, including ''C-choline, '*F-
fluorocholine and ''C-acetate, unfortunately, these compounds also display uptake in
benign inflammatory processes.*> Yet another strategy that has been employed for the
early detection of PCa involves the overexpression of the Prostate Specific Membrane
Antigen (PSMA). PSMA has become a well-established biomarker of PCa, and small
molecule inhibitors have been developed to target this enzyme.® Of particular interest is
the urea-based inhibitor of glutamic acid and lysine (or cysteine), first developed by
Pomper and co-workers.”® The high affinity and excellent specificity of these urea
inhibitors stems from their resemblance to N-acetylaspartylglutamate (NAAG), the
natural substrate for PSMA. The primary amine of the lysine residue serves as a
convenient handle for further conjugation to imaging moieties, enabling visualization of
PSMA in vivo. To date, a number of radionuclides have been conjugated to urea based
PSMA inhibitors, including Bp My 21 and P'L ®Ga and ™Tc as well as
fluorophores.”*!! Trofex™ (MIP-1072 and MIP 1095), the first of this class of
compounds that is being actively investigated in a clinical setting, illustrates the potential

of urea based PSMA inhibitors.
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It is important to note that the radionuclide or it’s corresponding chelate can have
a significant impact on the resulting pharmacokinetics (PK) of the imaging agent.'”
Presumably, the further the imaging moiety is from the targeting vector, the smaller an
effect it will have on the resulting PK. Dendrimers represent an ideal scaffold for this
purpose due to their site isolated core which can be functionalized to accommodate
imaging moieties.” Furthermore, the attachment of multiple PSMA inhibitors to the
periphery of a dendrimer can impart higher affinity toward the target. In fact, it has been
shown that a dimeric analogue of a urea PSMA inhibitor not only possessed greater
affinity towards PSMA, but also exhibited longer tumor retention versus the monomeric
analogue.9 Dendrimers based on 2-bis(methylol)propionic acid (bis-MPA) are an attractive
scaffold for this purpose owing to their hydrophilicy, biocompatibility and ease of
functionalization at the periphery and core. Furthermore, the polyester backbone, albeit
degradable, has been shown to be resilient towards hydrolysis for days,'* particularly at
lower pH, such as those found in the vicinity of tumors. Given that patients are typically
imaged within hours of being administered a molecular imaging agent, the stability of bis-
MPA dendrimers seems to be sufficient to warrant their use for in vivo biomedical

applications.
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4.2. Results and Discussion

4.2.1. Synthesis

It has been shown that a minimum linker length is required to attach larger
imaging moieties to the urea inhibitor, due to the location of the active site on PSMA. To
investigate the importance of the nature of the linker, we decided to functionalize the
lysine residue with a hydrophobic and a hydrophilic spacer of similar length. Suberic acid
has previously been employed to prepare PSMA targeted imaging agents with high
affinity, and thus, served as a convenient hydrophobic spacer for the purpose of our
study.” In order to attach the PSMA inhibitor to the periphery of the dendritic scaffold
bearing alkynes at the periphery, we needed to attach an azide functionality to one end of
suberic acid. To accomplish this, suberic acid di-NHS ester (1) was mono-substituted
with 6-amino-1-propanol to give an alcohol moiety on one side and an activated NHS
ester on the other side (2). Upon purification, the compound was immediately reacted
with the lysine residue of the PSMA inhibitor to yield compound 3. This was done to
ensure that polymerization or cyclization of the alcohol functionality with the NHS
activated ester was avoided. Subsequent mesylation of the alcohol, followed by

nucleophilic substitution yielded the azide functionalized PSMA inhibitor (5).
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Scheme 4.1. PSMAi-SA-N; synthesis.

Tetraethylene glycol was chosen as the second spacer owing to its similar length
to suberic acid while possessing a more hydrophilic nature. Mono functionalization of
tetraethylene glycol with para-nitrophenyl chloroformate, followed by reaction with the
amino group of the lysine residue on the PSMA inhibitor yielded a carbamate linked
compound 7. Subsequent mesylation of the alcohol and substitution with sodium azide

yielded the target azide functionalized PSMA inhibitor with a tetraethylene glycol spacer

(9).
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Scheme 4.2. PSMAi-PEG-Nj; synthesis.

“Click” chemistry was utilized to attach the PSMA inhibitors to the alkyne
periphery of G1 and G2 Bis-MPA dendrimers bearing an ReDPA ligand at the core. The

. . . . 99
rhenium core serves as a convenient non-radioactive analogue to =

Tc, the most widely
used radionuclide in diagnostic imaging. The click coupling proceeded smoothly at
ambient temperatures using the commonly used CuSO4/sodium ascorbate combination.
After semi-preparative HPLC purification of the products, the resulting dendrimers were
treated with TFA to remove the tert-butyl groups, liberating the carboxylic acid moieties
on the PSMA targeting vector. Despite the polyester backbone, negligible hydrolysis was

observed during the course of the reaction. The final compounds were purified again

using semi-preparative HPLC to ensure purity of the products for in vitro evaluation.
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4.2.2. In Vitro Affinity of PSMA Targeted Dendrimers

The affinity of the multivalent molecular imaging agents was evaluated using a
competitive inhibition assay. Upon evaluation of the IC50 of lys-urea-glu attached to the
dendrimer via a PEG spacer, the G2 dendrimer exhibited an order of magnitude increase
in affinity toward PSMA compared to G1 (IC50 of 383.0 + 233.7 vs 26.6 + 4.9 nM),
demonstrating a pronounced effect with increasing multi-valency. The suberic acid based
hydrophobic spacer exhibited the highest affinity toward PSMA. Increasing multivalency
further resulted in a decrease in IC50 from 16.4 + 3.0 nM for the G1 derivative to 8.2 +
0.4 nM for the G2 derivative. Interestingly, the affinity towards PSMA doubles when
twice the amount of targeting vectors are present, implying a linear correlation in this set

of derivatives.
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Figure 4.1. ICs, curves for PSMA targeted compounds and control (PMPA).

111



Ph.D Thesis - Lukas P. Sadowski McMaster - Chemistry & Chemical Biology

Table 4.1. Summary of compound ICsy and 95% Confidence Interval.

Compound 1C59 (nM) 95% Confidence Interval
PMPA 61.5 523-724
11a 366.1 206.1 - 650.3
13a 259 19.1 -34.9
11b 15.1 12.1-18.7
13b 8.2 6.7-9.9

4.3. Conclusions

Multimerization of lys-urea-glu is a strategy that has been shown effective in
improving affinity towards PSMA. In addition, the nature of the spacer has been
demonstrated to have a considerable impact on the affinity of the targeting moiety.
Interestingly, the hydrophobic spacer attaching the PSMA inhibitor to the dendrimer
resulted in the highest affinity towards PSMA. From these results, a lead compound has

been developed that merits further investigation in vivo.
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4.4. Experimental

4.4.1. Materials and Characterization

Suberic acid and N-hydroxysuccinimide were purchased from Chem-Impex and
all other chemicals were purchased from Sigma Aldrich. Dry dichloromethane was
dispensed from a solvent system equipped with an activated alumina column. NMR
spectra were collected on a Bruker Avance 600 MHz or 700 MHz NMR spectrometer and
calibrated to the solvent peak. A Micromass QTOF Global Ultima was used to obtain
exact masses and HPLC was conducted on Waters 2695 HPLC equipped with Waters
2996 PDA detector and a Phenomenex Luna 5u C18(2) 150 x 10.0 mm column. The
desired products were eluted using a water/acetonitrile gradient containing 0.1% formic
acid for dendrimers containing tBu groups at the periphery and 0.1% trifluoroacetic acid
for dendrimers with —COOH groups at the periphery. Additionally, water contained 5%
acetonitrile. The method used for purification was 0-2 min for 100% water, followed by a
gradient to 100% acetonitrile over 15 min. Tert-Butyl protected analogues would
typically elute around 90% ACN, while final compounds bearing carboxylic acids at the

periphery would elute around 45% ACN.
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4.4.2. Synthesis

4.4.2.1. N3-SA-PSMAI Synthesis

HO-SA-NHS (2): To a 500 mL round bottom flask, equipped with a magnetic stir bar,
was added the di-NHS ester of suberic acid (2.20 g, 5.97 mmol) in CH,Cl, (150 mL),
aminohexanol (0.18 g, 1.49 mmol), and DIPEA (0.26 mL, 1.49 mmol). The reaction was
allowed to stir at R.T. for 1 hour. The reaction mixture was diluted with CH,Cl, (150 mL)
and washed with NaHSO,4 (2 x 100 mL) and brine. The reaction mixture was dried with
NaSO4 and concentrated in vacuo. The product was rapidly purified via silica gel column
chromatography (5-10% CH3;OH in CH,Cl) to yield 220 mg of the product as a clear
viscous oil (40 % based on aminohexanol). '"H NMR (700 MHz; DMSO): § 7.70 (t, J =
5.5, 1H), 431 (t, J=5.2, 1H), 3.36 (q, J = 5.9, 2H), 3.00 (q, J = 6.4, 2H), 2.80 (s, 4H),
2.64 (t,J=17.3,2H), 2.03 (t, J = 7.5, 2H), 1.60 (quintet, J = 7.5, 2H), 1.47 (dt, J = 15.0,
7.5, 2H), 1.38-1.35 (m, 6H), 1.26-1.22 (m, 6H). >C NMR (175 MHz, DMSO): & =
171.76, 170.23, 168.93, 60.65, 38.34, 35.33, 32.49, 30.15, 29.22, 28.14, 27.74, 26.32,
25.43, 25.23, 25.09, 24.16. HR-MS calc. for CisH3N,0¢ [M+H]'= 371.2182. Found:

371.2191.

HO-SA-PSMAI (3): To a 100 mL round bottom flask, equipped with a magnetic stir bar,
was added HO-SA-NHS (0.20 g, 0.54 mmol) in CH,Cl, (20 mL), PSMAi-NH, (0.29 g,
0.59 mmol), and DIPEA (0.10 mL, 0.59 mmol). The reaction was allowed to stir at R.T.
for 2 hour. The reaction mixture was diluted with CH,Cl, (50 mL) and washed with

NaHSO4 (2 x 50 mL) and brine. The reaction mixture was dried with Na,SO4 and
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concentrated in vacuo to yield 317 mg of the product as a white solid (79 %). 'H NMR
(700 MHz; DMSO): § 7.70 (m, 2H), 6.27 (dd, J = 26.0, 8.3, 2H), 4.32 (t, J = 5.1, 1H),
4.03 (ddd, J=11.2, 7.1, 4.0, 1H), 3.97-3.94 (m, 1H), 3.37 (q, J = 5.9, 2H), 3.01-2.98 (m,
4H), 2.23-2.20 (m, 2H), 2.01 (t, J = 6.6, 4H), 1.87-1.84 (m, 1H), 1.69-1.65 (m, 1H), 1.60-
1.58 (m, 1H), 1.49-1.46 (m, 6H), 1.43-1.37 (m, 32H), 1.25-1.22 (m, 10H). >C NMR (175
MHz, DMSO): § = 172.20, 171.85, 171.81, 171.39, 157.08, 80.56, 80.27, 79.72, 60.65,
53.02, 52.15, 38.24, 38.16, 35.41, 32.48, 31.76, 30.87, 29.22, 28.83, 28.49, 28.46, 27.72,
27.63, 26.32, 25.23, 22.48. HR-MS calc. for C3sH70N4O;9 [M+H]": 743.5170. Found:

743.5134.

MsO-SA-PSMAI (4): To a 100 mL round bottom flask, equipped with a magnetic stir
bar, was added HO-SA-PSMAI (300 mg, 404 pmol) and Et;N (62 puL, 444 umol, 1.1 eq)
in 20 mL of dry CH,Cl,, and cooled in an ice bath. MsCl (35 pL, 444 umol, 1.1 eq) in 1
mL of dry CH,Cl, was added dropwise over 5 min. The reaction was stirred at 0 °C for
1.5 hours. The reaction mixture was diluted with 50 mL of CH,Cl, and washed with cold
water (20 mL), NaHSO4 (2 x 25 mL) and brine. The organic layer was dried with Na;SO4
and concentrated by rotary evaporation to yield 301 mg of a white solid (91 %). '"H NMR
(700 MHz; DMSO): 6 7.70 (t, J = 5.4, 2H), 6.27 (dd, J = 26.1, 8.4, 2H), 4.17 (t, J = 6.5,
2H), 4.03 (td, J = 8.5, 5.3, 1H), 3.95 (q, /= 6.9, 1H), 3.19-3.12 (s, 3H), 3.00 (dq, /= 11.8,
6.0, 4H), 2.27-2.17 (m, 2H), 2.03-2.00 (m, 4H), 1.86-1.84 (m, 1H), 1.67-1.64 (m, 3H),
1.60-1.57 (m, 1H), 1.51-1.45 (m, 5H), 1.40-1.35 (m, 27H), 1.32 (dd, J = 15.0, 7.6, 2H),

1.27 (dt, J = 15.9, 8.0, 4H), 1.21 (bs, 4H). °C NMR (175 MHz; DMSO): & 172.34,
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171.97, 171.52, 157.20, 80.69, 80.39, 79.85, 70.48, 53.13, 52.26, 38.33, 38.27, 36.64,
35.52, 31.87, 30.98, 29.10, 28.94, 28.58, 27.74, 25.96, 25.35, 24.73, 22.60. HR-MS calc.

for C39H72N40128 [M+H]+Z 821.4946. Found: 821.4909.

N3-SA-PSMAI (5): To a 25 mL round bottom flask, equipped with a magnetic stir bar,
was added MsO-SA-PSMAI (200 mg, 244 umol) in DMSO (5 mL), and NaN; (63 mg,
974 umol, 4 eq). The reaction mixture was allowed to stir overnight at 50 °C. The
reaction mixture was diluted with water (40 mL) and extracted with Et,O (4 x 25 mL).
The combined organic layers were washed with brine and dried with Na,SO4. The
product was concentrated by rotary evaporation to yield 178 mg of a white solid (94 %).
'H NMR (700 MHz; DMSO): § 7.71 (m, 2H), 6.28 (dd, J = 25.9, 8.3, 2H), 4.04 (td, J =
8.5,5.2, 1H), 3.96 (td, J = 8.0, 5.6, 1H), 3.31 (t, J = 6.9, 2H), 3.02-2.99 (m, 4H), 2.23-
2.21 (m, 2H) 2.04-2.01 (m, 4H), 1.88-1.86 (m, 1H), 1.68-1.65 (m, 1H), 1.60-1.57 (m,
1H), 1.51-1.48 (m, 7H), 1.42-1.38 (m, 27H), 1.29-1.26 (m, 6H), 1.21 (bs, 4H). °C NMR
(175 MHz; DMSO): & 172.30, 171.93, 171.48, 157.17, 80.66, 80.35, 79.81, 53.10, 52.24,
50.65, 38.32, 38.26, 35.50, 31.85, 30.96, 29.10, 28.91, 28.58, 28.55, 28.27, 27.80, 27.71,
26.00, 25.93, 25.33, 22.57. HR-MS calc. for C3gHgN709 [M+Na]": 790.5054. Found:

790.5029.

4.4.2.2. N;-PEG-PSMAI Synthesis
HO-PEG-NP (6): To a 250 mL round bottom flask, equipped with a magnetic stir bar,

was added tetraethylene glycol (4.0 g, 20.6 mmol) in 100 mL of dry CH,Cl, p-
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nitrophenyl chloroformate (4.2 g (20.6 mmol), and Et;N (4.3 mL, 30.9 mmol). After
stirring overnight, the reaction mixture was diluted with 100 mL of CH,Cl, and washed
with NaHSO4 (2 x 150 mL) and brine. The combined organic layers were dried with
Na,SO,4 and concentrated by rotary evaporation. The product was purified by column
chromatography, using 3:1 EtOAc/Hex to remove the nitrophenol, followed by 5%
MeOH in CH,Cl, to yield 1.93 g of the product as a pale yellow viscous oil (39%). 'H-
NMR (600 MHz; DMSO): & 8.34-8.31 (dt, J = 9.2, 2.2, 2H), 7.59-7.56 (dt, J = 9.2, 2.3,
2H), 4.58 (bs, 1H), 4.38 (dt, J = 4.1, 2.3, 2H), 3.73-3.72 (m, 2H), 3.60-3.58 (m, 2H), 3.57-
3.52 (m, 6H), 3.50-3.48 (m, J = 4.8, 2H), 3.43 (t, J = 5.2, 2H). °C NMR (175 MHz;
DMSO): & 155.29, 152.08, 145.15, 125.39, 122.57, 72.36, 69.85, 69.79, 68.30, 67.92,

60.22. HR-MS calc. for C;sH, NOy [M+H]": 360.1295. Found: 360.1306.

HO-PEG-PSMAI (7): To a 100 mL round bottom flask, equipped with a magnetic stir
bar, was added HO-PEG-NP (200 mg, 557 pmol) in 25 mL of CH,Cl,, PSMAi-NH; (326
mg, 668 umol, 1.2 eq), DIPEA (115 pL, 668 pumol, 1.2 eq), and DMAP (41 mg, 334
umol, 0.6 eq). The reaction mixture was stirred at room temperature overnight. The
reaction was diluted with 25 mL of CH,Cl, and washed with NaHSO4 (3 x 50 mL) and
brine. The organic layer was concentrated by rotary evaporation and purified on silica gel
column chromatography eluting with 3:1 EtOAc/Hex to remove the nitrophenol and
subsequently 5% MeOH in CH,Cl, to yield 346 mg of the product as a clear viscous oil
(88 %). '"H NMR (700 MHz; DMSO): 8 7.18 (t, J = 5.6, 1H), 6.27 (dd, J = 28.3, 8.3, 2H),

4.56 (t, J = 5.5, 1H), 4.03 (s, 3H), 3.95 (q, J = 7.2, 1H), 3.55 (t, J = 4.7, 2H), 3.52-3.50
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(m, 6H), 3.49 (q, J= 5.4, 2H), 3.41 (t, J= 5.2, 2H), 2.95 (q, J = 6.4, 2H), 2.24-2.21 (m, J
= 14.5, 2H), 1.89-1.86 (m, 1H), 1.68-1.65 (m, 1H), 1.61-1.59 (m, 1H), 1.52-1.50 (m, 1H),
1.41-1.29 (m, 9H), 1.27-1.25 (m, 2H). °C NMR (175 MHz, CDCls): & = 172.31, 171.96,
171.50, 160.93, 157.18, 156.21, 80.68, 80.38, 79.84, 72.44, 69.93, 69.86, 69.82, 68.99,
63.09, 60.31, 59.84, 55.01, 53.14, 52.25, 31.83, 31.79, 30.97, 29.16, 28.76, 22.54, 22.43,

20.87, 14.20. HR-MS calc. for C33HgN3O,3 [M+H]": 708.4277. Found: 708.4277.

MsO-PEG-PSMAI (8): To a 25 mL round bottom flask, equipped with a magnetic stir
bar, was added HO-PEG-PSMAI (300 mg, 424 umol) and Et;N (65 pL, 466 umol, 1.1 eq)
in dry CH,Cl, (10 mL), and cooled in an ice bath. MsCl (36 pL, 466 umol, 1.1 eq) in 1
mL of CH,Cl, was added dropwise over 5 min. The reaction mixture was stirred at 0 °C
for 1.5 hours. The reaction mixture was diluted with CH,Cl, and washed with cold water,
NaHSO; and brine. The organic layer was dried with Na,SO4 and concentrated by rotary
evaporation to yield the product as a white solid (96 %). '"H NMR (700 MHz; DMSO): &
7.17 (s, 1H), 6.28 (d, J=25.4, 2H), 4.30 (t, J = 4.4, 2H), 4.02 (t, J=4.7, 3H), 3.94 (t, J =
6.0, 1H), 3.67-3.66 (m, 2H), 3.55-3.53 (m, 10H), 2.94 (q, J = 6.1, 2H), 2.38 (s, 2H), 2.27-
2.16 (m, 2H), 1.87-1.85 (m, 1H), 1.68-1.63 (m, 1H), 1.59-1.58 (m, 1H), 1.50-1.49 (m,
1H), 1.39-1.38 (m, 29H), 1.27-1.25 (m, 2H). °C NMR (175 MHz, CDCl;): & = 172.34,
171.99, 171.52, 157.20, 156.22, 80.68, 80.38, 79.85, 69.85, 69.81, 69.77, 69.00, 68.39,
63.09, 55.03, 53.15, 52.27, 36.92, 31.83, 30.99, 29.18, 27.84, 27.75, 27.71, 22.45. HR-

MS calc. for C34H63N30158 [M+H]+I 786.4053. Found: 786.4054.
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N3;-PEG-PSMAI (9): To a 10 mL round bottom flask, equipped with a magnetic stir bar,
was added MsO-PEG-PSMAI (200 mg, 254 umol ) in DMSO (5 mL), and NaN;(0.07 g,
1.02 mmol, 4 eq). The reaction mixture was allowed to stir overnight at 50 °C. The
reaction mixture was diluted with water (40 mL) and extracted with Et,O (4 x 25 mL).
The combined organic layers were washed with brine and dried with Na,SO4. The
product was concentrated by rotary evaporation to yield 173 mg of the product as a white
solid (92 %). '"H NMR (600 MHz; DMSO): § 7.18 (t, J = 5.6, 1H), 6.28 (dd, J = 24.2, 8.3,
2H), 4.06-4.03 (m, 3H), 3.98-3.94 (m, 1H), 3.61 (t,J=5.0, 2H), 3.58-3.54 (m, 10H), 3.40
(t,J=4.9,2H),295(q,J=6.4,2H),2.28-2.17 (m, 2H), 1.89-1.86 (m, 1H), 1.70-1.65 (m,
1H), 1.59 (dt, J = 14.1, 6.7, 1H), 1.53-1.49 (m, 1H), 1.43-1.37 (m, 30H), 1.28 (dt, J =
15.1, 7.4, 3H). °C NMR (150 MHz, DMSO): & = 172.20, 171.85, 171.38, 157.05, 156.09,
80.55, 80.25, 79.70, 69.79, 69.69, 69.23, 68.88, 62.97, 53.02, 52.13, 49.98, 31.72, 30.85,
29.05, 27.71, 27.61, 22.31. HR-MS calc. for C33HgNO2 [M+H]": 733.4342. Found:

733.4344.

4.4.2.3. PSMAI Functionalized Dendrimers

[ReDPA-G1-(PEG-PSMAi),;]" (10a): To a 5 mL round bottom flask, equipped with a
magnetic stir bar, was added [ReDPA-G1-(yne),]" (10 mg, 12 pumol), PSMAi-PEG-N;
(22 mg, 31 umol, 2.5 eq) and sodium ascorbate (2.4 mg, 12.0 umol, 1 eq) in 0.5 mL of
DMEF. The reaction flask was evacuated and back filled with N, three times. CuSOy4 (0.6
mg, 2.4 pmol, 0.2 eq) in 0.1 mL of dH,O was added to the reaction vessel and the

reaction mixture was allowed to stir at room temperature overnight. The product was
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purified via semi-prep HPLC to yield 16.8 mg of the title compound as a white solid after
lyophilization (60 %). 'H NMR (700 MHz; DMSO): § 8.81 (d, J = 5.4, 2H), 8.49 (s, 2H),
7.99 (td, J=17.8, 1.4,2H), 7.93 (t, J= 5.6, 1H), 7.83 (s, 2H), 7.54 (d, J= 7.9, 2H), 7.40 (t,
J=16.6,2H), 7.20 (t,J = 5.6, 2H), 6.40 (dd, /= 30.9, 8.3, 4H), 4.89 (q, /= 21.5, 4H), 4.44
(t,J=5.3,4H), 4.15 (dd, J=34.4, 11.0, 4H), 4.03 (td, J = 8.6, 5.2, 6H), 3.94 (td, J = 7.8,
5.7, 2H), 3.80-3.76 (m, 6H), 3.54 (t, J = 4.8, 4H), 3.51-3.47 (m, 14H), 3.17 (q, J = 6.5,
2H), 2.94 (q, J = 6.5, 4H), 2.88 (t, J = 7.5, 4H), 2.68 (t, J = 7.5, 4H), 2.27-2.17 (m, 4H),
1.88-1.85 (m, 2H), 1.83-1.79 (m, 2H), 1.67 (dtd, J = 14.0, 8.6, 5.7, 2H), 1.59-1.56 (m,
2H), 1.50 (td, J=13.9, 6.2, 4H), 1.39 (d, J = 5.5, 47H), 1.26 (dt, J = 15.3, 7.7, 4H), 1.13

(S, 3H) HR-MS calc. for C100H156N16032RC [M+2H]3+I 760.3607. Found: 760.3625.

[ReDPA-G1-(PEG-PSMAi-COOH),]" (11a): To a 5 mL round bottom flask, equipped
with a magnetic stir bar, was added [ReDPA-G1-(PEG-PSMAI),]" (15.0 mg, 6.6 umol) in
I mL of CH,Cl,, followed by addition of 1 mL of TFA dropwise. The reaction mixture
was allowed to stir at room temperature for 4 hours. The volatiles were removed by
blowing N, over the reaction mixture and the product was purified via semi-prep HPLC
and lyophilized to yield 4.8 mg of a white solid (37 %). '"H NMR (700 MHz; MeOD): &
8.88 (d, J=5.4,2H), 7.95 (t, J = 8.5, 2H), 7.84 (s, 2H), 7.55 (d, J= 7.7, 2H), 7.38 (t, J =
6.3, 2H), 4.53 (t, J= 5.1, 4H), 4.32 (dd, J = 8.6, 5.1, 2H), 4.26 (dd, J = 8.2, 4.7, 2H), 4.23
(q, J=11.0,4H), 4.15 (t, J=4.7, 3H), 3.90 (d, J = 6.8, 2H), 3.87 (t, J = 5.1, 4H), 3.66 (t,
J=4.,4H), 3.63-3.60 (m, 12H), 3.09 (t, /= 6.9, 3H), 3.02 (t, J = 7.3, 4H), 2.78 (t, J =

7.4, 4H), 2.44-2.42 (m, 4H), 2.16-2.14 (m, 2H), 1.96-1.94 (m, 2H), 1.91-1.90 (m, 2H),
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1.84-1.82 (m, 2H), 1.66-1.63 (m, SH), 1.52-1.50 (m, 4H), 1.43-1.41 (m, 4H), 1.31-1.29
(m, 4H), 1.23 (s, 3H), 1.14 (d, J = 6.4, 2H). HR-MS calc. for C76H;0oN;05:Re [M+H]*":

973.3552. Found: 973.3468.

[ReDPA-G2-(PEG-PSMAi)4]" (12a): A 5 mL round bottom flask, equipped with a
magnetic stir bar, was added [ReDPA-G2-(yne)s]” (10.0 mg, 8.3 pmol), PSMAi-PEG-N;
(30 mg, 41 pumol, 5 eq) and sodium ascorbate (3.3 mg, 17.0 umol, 2 eq) in 0.5 mL of
DMEF. The reaction flask was evacuated and back filled with N, three times. CuSOy4 (0.8
mg, 3.3 pumol, 0.4 eq) in 0.1 mL of dH,O was added to the reaction vessel and the
reaction mixture was allowed to stir at room temperature overnight. The product was
purified via semi-prep HPLC to yield 23 mg of the title compound as a white solid after
lyophilization (65 %). "H NMR (700 MHz; DMSO): & 8.80 (d, J = 5.4, 2H), 7.98 (t, J =
8.5, 2H), 7.81 (s, 4H), 7.54 (d, J = 7.9, 2H), 7.39 (t, J = 6.9, 2H), 7.18 (t, J = 5.7, 4H),
6.36-6.34 (m, 8H), 4.92 (d, J = 16.7, 2H), 4.87 (d, J = 16.8, 2H), 4.44 (t, J = 5.3, 8H),
4.18 (dd, J=30.7,10.9, 4H), 4.12 (s, 6H), 4.04-3.99 (m, 12H), 3.95-3.93 (m, 4H), 3.77 (t,
J=153,8H), 3.60 (dd, J = 5.5, 4.5, 2H), 3.50-3.47 (m, 36H), 3.39 (t, J = 4.9, 4H), 3.13-
3.12 (m, 2H), 2.94-2.93 (m, 7H), 2.85 (t, J = 7.5, 8H), 2.66 (t, J = 7.5, 8H), 2.23-2.21 (m,
8H), 1.86-1.84 (m, 6H), 1.68-1.65 (m, 4H), 1.58-1.57 (m, 4H), 1.52-1.49 (m, 8H), 1.43-
1.37 (m, 89H), 1.26-1.23 (m, 8H), 1.16 (s, 3H), 1.11 (s, 6H). HR-MS calc. for

C186H301N23064Re [M+3H]4+I 1035.0245. Found: 1035.0221.

121



Ph.D Thesis - Lukas P. Sadowski McMaster - Chemistry & Chemical Biology

[ReDPA-G2-(PEG-PSMAi-COOH)4]" (13a): To a 5 mL round bottom flask, equipped
with a magnetic stir bar, was added [ReDPA-G2-(PEG-PSMAI),]" (15.0 mg, 3.6 umol) in
I mL of CH,Cl,, followed by addition of 1 mL of TFA dropwise. The reaction mixture
was allowed to stir at room temperature for 4 hours. The volatiles were removed by
blowing N, over the reaction mixture and the product was purified via semi-prep HPLC
and lyophilized to yield 6.3 mg of a white solid (50 %). "H NMR (700 MHz; MeOD): &
8.87(d,J=5.7,2H),7.95 (t, J=17.8, 3H), 7.83 (s, 4H), 7.57 (d, J= 7.8, 2H), 7.38 (t, J =
6.6, 2H), 4.54 (t,J = 5.1, 8H), 4.33 (dd, J = 8.5, 5.1, 4H), 4.26 (t, J = 6.4, 8H), 4.20 (q, J
=9.9, 8H), 4.15 (t, J= 4.7, 8H), 3.92-3.90 (m, 2H), 3.88 (t, J = 5.1, 8H), 3.66 (t, J = 4.6,
8H), 3.62-3.58 (m, 28H), 3.09 (t, J = 6.9, 8H), 2.99 (q, J = 7.1, 8H), 2.75 (t, /= 7.0, 8H),
2.44-2.35 (m, 10H), 2.17-2.12 (m, 4H), 1.99-1.95 (m, 2H), 1.90 (dtd, J = 14.2, 8.6, 5.7,
4H), 1.86-1.81 (m, 4H), 1.68-1.65 (m, J = 7.4, 8H), 1.51 (qd, J = 14.7, 7.4, 8H), 1.42
(quintet, J = 7.7, 8H), 1.33-1.30 (m, 12H), 1.21 (s, 6H). HR-MS calc. for

C138H205N23064Re [M+2H]3+2 1156.4487. Found: 1156.4368.

[ReDPA-G1-(SA-PSMAI),]" (10b): A 5 mL round bottom flask, equipped with a
magnetic stir bar, was added [ReDPA-G1-(yne),]" (10 mg, 12 umol), PSMAi-SA-N; (24
mg, 31 pmol, 2.5 eq) and sodium ascorbate (2.4 mg, 12.0 pmol, 1 eq) in 0.5 mL of DMF.
The reaction flask was evacuated and back filled with N, three times. CuSO4 (0.6 mg, 2.4
umol, 0.2 eq) in 0.1 mL of dH,O was added to the reaction vessel and the reaction
mixture was allowed to stir at room temperature overnight. The product was purified via

semi-prep HPLC to yield 17.9 mg of the title compound as a white solid after
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lyophilization (64 %). 'H NMR (700 MHz; DMSO): 5 8.80 (d, J = 5.4, 2H), 8.53 (s, 2H),
7.98 (t, J="7.8, 2H), 7.95 (m, 2H), 7.84 (s, 2H), 7.78 (t, J = 5.6, 2H), 7.73 (t, J = 5.6, 2H),
7.53 (d, J=17.9, 2H), 7.40 (t, J = 6.6, 3H), 6.43 (dd, J = 33.4, 8.2, 4H), 4.89 (q, J = 22.0,
4H), 4.25 (t, J = 7.1, 4H), 4.14 (dd, J = 34.9, 11.0, 4H), 4.02 (td, J = 8.5, 5.2, 2H), 3.94
(td, J = 7.9, 5.5, 2H), 3.78 (m, 2H), 3.16 (q, J = 6.5, 2H), 2.99 (dq, J = 12.5, 6.3, 8H),
2.86 (t, J = 7.4, 4H), 2.68 (t, J = 7.5, 4H), 2.27-2.17 (m, 4H), 2.01 (t, J = 7.5, 8H), 1.87-
1.84 (m, 2H), 1.82-1.80 (m, 2H), 1.74 (quintet, J = 7.3, 4H), 1.67-1.65 (m, 2H), 1.60-1.57
(m, 2H), 1.53-1.51 (m, 4H), 1.44 (t, J = 6.9, 8H), 1.39-1.33 (m, 51H), 1.26-1.24 (m, 8H),
1.20-1.19 (m, 10H), 1.11 (s, 3H). HR-MS calc. for CijoH;7sN;sOxRe [M+H]*':

1177.1332. Found: 1177.1261.

[ReDPA-G1-(SA-PSMAi-COOH),]" (11b): To a 5 mL round bottom flask, equipped
with a magnetic stir bar, was added [ReDPA-G1-(SA-PSMAi),]" (15.0 mg, 6.4 umol) in 1
mL of CH,Cl,, followed by addition of 1 mL of TFA dropwise. The reaction mixture was
allowed to stir at room temperature for 4 hours. The volatiles were removed by blowing
N, over the reaction mixture and the product was purified via semi-prep HPLC and
lyophilized to yield 7.2 mg of a white solid (56 %). 'H NMR (700 MHz; MeOD): & 8.87
(d,J=5.5,2H),7.95 (td, J=7.8, 1.4, 2H), 7.77 (s, 2H), 7.55 (d, J= 7.8, 2H), 7.38 (t, J =
6.6, 2H), 4.34 (t, J = 6.7, 4H), 4.29-4.28 (m, 2H), 4.22 (m, 5H), 3.90-3.89 (m, 2H), 3.16
(dt, J=14.9, 7.3, 8H), 3.01 (t, J= 7.3, 4H), 2.77 (t, J = 7.3, 4H), 2.42-2.40 (m, 4H), 2.17

(t, J=17.5, 6H), 2.15-2.13 (m, 3H), 1.96-1.83 (m, 11H), 1.67-1.61 (m, 12H), 1.49-1.44
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(m, 13H), 1.36-1.30 (m, 19H), 1.22 (s, 3H). HR-MS calc. for CgsH;»7N150»Re [M+H]*":

1008.4440. Found: 1008.44009.

[ReDPA-G2-(SA-PSMAI)4]" (12b): To a 5 mL round bottom flask, equipped with a
magnetic stir bar, was added [ReDPA-G2-(yne)s]” (10.0 mg, 8.3 pmol), PSMAi-SA-N;
(32 mg, 41 umol, 5 eq) and sodium ascorbate (3.3 mg, 16.5 umol, 2 eq) in 0.5 mL of
DMEF. The reaction flask was evacuated and back filled with N, three times. CuSOy (0.8
mg, 3.3 pumol, 0.4 eq) in 0.1 mL of dH,O was added to the reaction vessel and the
reaction was allowed to stir at room temperature overnight. The product was purified via
semi-prep HPLC to yield 21 mg of the title compound as a white solid after lyophilization
(60 %). "H NMR (700 MHz; DMSO): & 8.80 (d, J = 5.5, 2H), 8.44-8.44 (m, 2H), 8.00-
7.97 (m, 4H), 7.82 (s, 2H), 7.72-7.68 (m, 10H), 7.54 (d, J = 7.9, 1H), 7.48 (d, J = 7.8,
2H), 7.40 (t, J = 6.7, 1H), 7.20 (dd, J = 7.0, 5.2, 2H), 6.30 (dt, J = 26.5, 7.6, 8H), 4.90
(dd, J=44.5, 16.7, 4H), 4.45-4.41 (m, 6H), 4.29 (t,J= 7.1, 6H), 4.28-4.23 (m, 4H), 4.23-
4.14 (m, 4H), 4.11-4.09 (m, 4H), 4.04 (ddd, J = 12.9, 8.7, 4.4, 6H), 3.95 (q, J = 6.8, 4H),
3.69 (s, 3H), 3.46-3.43 (m, 8H), 3.14-3.13 (m, 2H), 2.99 (tquintet, J = 12.6, 6.3, 16H),
2.84(t,J=17.5,4H), 2.65 (t,J=17.5,4H), 2.43-2.40 (m, 2H), 2.27-2.16 (m, 8H), 2.00 (t, J
=7.5, 16H), 1.89-1.84 (m, 4H), 1.75 (tt, J = 15.7, 7.8, 8H), 1.66 (dtd, J = 14.0, 8.6, 5.7,
6H), 1.59 (dd, J = 14.1, 6.3, 4H), 1.52-1.43 (m, 24H), 1.36-1.31 (m, 99H), 1.30-1.16 (m,
34H), 1.00 (s, 3H). HR-MS calc. for CasH33sN3,05,Re [M+3Na]*": 1087.6022. Found:

1087.6003.
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[ReDPA-G2-(SA-PSMAi-COOH),4]" (13b): To a 5 mL round bottom flask, equipped
with a magnetic stir bar, was added [ReDPA-G2-(SA-PSMAi),]" (10.0 mg, 2.3 pmol) in 1
mL of CH,Cl,, followed by addition of 1 mL of TFA dropwise. The reaction was allowed
to stir at room temperature for 4 hours. The volatiles were removed by blowing N, over
the reaction mixture and the product was purified via semi-prep HPLC and lyophilized to
yield 5.3 mg of a white solid (67 %). '"H NMR (700 MHz; MeOD): & 8.78-8.74 (m, 2H),
7.84 (dd, J = 14.5, 6.8, 2H), 7.70-7.61 (s, 4H), 7.45 (t, J = 9.9, 2H), 7.28-7.24 (m, 2H),
4.27-4.18 (m, 6H), 4.18-4.15 (m, 4H), 4.12-4.00 (m, 8H), 3.84-3.77 (m, 4H), 3.08-2.98
(m, 7H), 2.90-2.83 (m, 4H), 2.66-2.60 (m, 4H), 2.38-2.25 (m, 6H), 2.11-2.03 (m, 8H),
1.93-1.83 (m, 4H), 1.84-1.67 (m, 9H), 1.60-1.53 (m, 4H), 1.53-1.44 (m, 8H), 1.49-1.36
(m, 12H), 1.32 (td, J = 14.6, 7.2, 4H), 1.29-1.17 (m, 16H), 1.11-1.09 (m, 3H), 1.09-1.00

(m, 4H). HR-MS calc. for C1ssH241N3:,05:Re [M+3H]*": 902.6741. Found: 902.6771.

4.4.3. In vitro Competitive Inhibition Assay

LNCaP cells were plated in 24 well plates for confluency at time of use. Growth
media was removed and 300 uL of binding buffer, [RPMI 1640 with 2mM glutamine +
0.5% BSA containing a fixed amount of 125I-TAAG-PSMA (0.45 nM), a previously
published PSMA inhibitor, and increasing concentrations of competitor (0 nM - 10 000
nM)].” After 1h at RT, binding buffer and cells were transferred to microcentrifuge tubes
(1.5 mL), binding buffer was removed and cells were washed 3 times with wash buffer
(RPMI 1640 with 2mM glutamine + 0.5% BSA) using centrifugation for 30 s at max

speed. After washing, cells were lysed in 500 uL RIPA buffer (100 mM Tris pH 8, 50
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mM NaCl, 1% NP40, 0.5% Na deoxycholate, 0.1% SDS) and incubated at 37°C for 30
min. A 400 pL aliquot of lysate was transferred to gamma counting tubes and counted for
10 min. in a Perkin Elmer Wizard 1470 Automatic Gamma Counter. The resulting CPM
values were used to calculate the relative binding with respect to the control (no
competitor present). The assay was repeated three times for all compounds with each
experiment done in triplicate. For each repeat the positive control, PMPA was also
measured in triplicate. GraphPad Prism 5 software was used to determine the IC50

values.
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[ReDPA-G1-(PEG-PSMAi-COOH),]":

Table S4.1. ICs data for [ReDPA-G1-(PEG-PSMAi-COOH),]" over 3 trials.

Trial 1 Trial 2 Trial 3
1Cso (nM) 652.1 266.0 230.8
95% CI 223.4-1904 178.0-397.4 | 128.1 —415.8
Std Error of curve fit 1.67 1.21 1.32
R’ 0.8454 0.9777 0.9525

Table S4.2. Combined analysis of ICs, data for [ReDPA-G1-(PEG-PSMAi-COOH),]".

Combined Aggregate | Combined Experimental Averaged
Data (GraphPad) data (Excel)
ICso (nM) 366.1 383.0
95% CI 206.1 —650.3 176.5 —905.7
Std Error 1.33 233.7 (std dev between experiments)
R’ 0.8578

Combined 3 assays (n=3 each) '2’|-TAAG-PSMA competition binding
1.5-

—— PMPA
—e— ReDPA-G-(PEG-PSMA~COOH),
T 1.04
S
o
o2
]
<
3
c
2 05
o
0.0 T T T 1
0.0001 0.01 1 100 10000 1000000

nM Competitor

Figure S4.1. Competition binding assay curve for [ReDPA-G1-(PEG-PSMAi-COOH),]".
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[ReDPA-G2-(PEG-PSMAi-COOH),]":

Table S4.3. ICs data for [ReDPA-G2-(PEG-PSMAi-COOH),]" over 3 trials.

Trial 1 Trial 2 Trial 3
I1C50 (nM) 28.89 29.79 20.97
95% CI 20.03 —41.65 17.64 —50.33 | 13.79 —31.89
Std Error of curve fit 1.19 1.28 1.21
R’ 0.9828 0.9653 0.9850

Table S4.4. Combined analysis of ICs, data for [ReDPA-G2-(PEG-PSMAi-COOH),]".

Combined Aggregate Combined Experimental
Data (GraphPad) Averaged data (Excel)
IC50 (nM) 25.86 26.55
95% CI 19.14 —34.94 17.15-41.29
Std Error 1.16 4.85 (std dev between
experiments)
R’ 0.9621

Combined 3 assays (n=3 each) 125, TAAG-PSMA competition binding

1.5
—— PMPA
—o— ReDPA-G,(PEG-PSMA-COOH),
2 1.0 {_<
3 q
o
o =
o
c
5
c
3 054
o]
0.0 T T T 1
0.0001 0.01 1 100 10000 1000000

nM Competitor

Figure S4.2. Competition binding assay curve for [ReDPA-G2-(PEG-PSMAi-COOH),]".
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[ReDPA-G1-(SA-PSMAi-COOH),|

Table S4.5. ICs data for [ReDPA-G1-(SA-PSMAi-COOH),]" over 3 trials.

Trial 1 Trial 2 Trial 3
IC50 (nM) 12.84 14.72 18.73
95% CI 9.27-17.79 11.74 - 1846 | 15.41—-22.75
Std Error of curve fit 1.17 1.11 1.1
R’ 0.9843 0.9925 0.9947

Table S4.6. Combined analysis of ICsq data for [ReDPA-G1-(SA-PSMAi-COOH),]".

Combined Aggregate Combined Experimental
Data (GraphPad) Averaged data (Excel)
IC50 (nM) 15.05 15.43
95% CI 12.13 - 18.66 12.14 - 19.67
Std Error 1.11 3.01 (std dev between experiments)
R’ 0.9757

Combined 3 assays (n=3 each) 125, TAAG-PSMA competition binding

1.5
—— PMPA
—o— ReDPA-G-(SA-PSMA-COQH),
2 1.04
=
o
Q2
o
c
3
c
3 0.5+
o]
0'0 ] ] ] 1
0.0001 0.01 1 100 10000 1000000

nM Competitor

Figure S4.3. Competition binding assay curve for [ReDPA-G1-(SA-PSMAi-COOH),]".
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Table S4.7. ICs data for [ReDPA-G2-(SA-PSMAi-COOH),]" over 3 trials.

Trial 1 Trial 2 Trial 3
IC50 (nM) 7.835 8.009 8.611
95% CI 6.431 —9.546 6.468 —9918 | 6.257—-11.85
Std Error of curve fit 1.1 1.11 1.16
R’ 0.9942 0.9932 0.9848

Table S4.8. Combined analysis of ICso data for [ReDPA-G2-(PEG-PSMAi-COOH),]".

Combined Aggregate Data Combined Experimental
(GraphPad) Averaged data (Excel)
IC50 (nM) 8.155 8.152
95% CI 6.698 —9.93 6.385-10.44
Std Error 1.1 0.407 (std dev between
experiments)
R’ 0.979

Combined 3 assays (n=3 each) '2°I-TAAG-PSMA competition binding

1.0+

0.5+

bound/no bound

0.0

—e— PMPA
—e— ReDPA-G,(SA-PSMA-COOH),

0.0001

0.01 1 100
nM Competitor

1
10000 1000000

Figure S4.4. Competition binding assay curve for [ReDPA-G2-(SA-PSMAi-COOH),]".
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Chapter 5. Synthesis, Radiolabeling and Biodistribution of PSMA Targeted
Dendrimers

*All synthesis and radiolabeling work presented in this chapter was carried out by Lukas
Sadowski. Plasma stability and biodistribution studies were performed by Nancy Janzen.
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Abstract:

Early detection and imaging of prostate cancer is critical in a disease that affects
one in eight men. Lys-urea-glu, a dipeptide with a high affinity toward PSMA has been
exploited to target the over-expression of PSMA in vivo. Using bis-MPA as a dendritic
imaging scaffold, a high affinity PSMA targeted tracer was radiolabeled with *"Tc and
the resulting probe was investigated in vitro and in vivo. Radiolabeling of the compound
proceeded in near quantitative yields, however, the compound was found to have limited
stability in mouse plasma. Bio-distribution data resulted in high uptake in the gall bladder
and only modest uptake of the radiotracer within the tumor. Plasma stability and bio-

distribution data suggest facile hydrolysis of the ester linkages within the dendrimer

backbone.
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5.1. Introduction

The use of bis-MPA dendrimers for biomedical applications has received
considerable attention owing to the favorable properties exhibited by the structural
scaffold. These properties include excellent biocompatibility, moderately good stability’'
and ease of functionalization at the periphery and core.” Furthermore, circulation times of
bis-MPA dendrimers in vivo can be tuned via PEGylation of the periphery.’ As a result,
this class of dendrimers has successfully been employed as a scaffold for therapeutic*”’
and imaging applications.>® With regard to the latter application, dendrimers have been
used in multiple imaging modalities, often exploiting the multivalent periphery to
improve image quality or disease targeting.”"

A targeting moiety that has shown promising results upon attachment to a divalent
scaffold is lys-urea-glu, a dipeptide targeting the prostate specific membrane antigen
(PSMA)." Imaging the overexpression of PSMA is a useful and attractive method for the
early detection of prostate cancer.'” The lys-urea-glu PSMA inhibitor has been

131% The excellent

extensively investigated for the early detection of prostate cancer.
specificity and high target:non target ratio has warranted nuclear molecular imaging
probes based on the aforementioned urea inhibitor to be investigated in a clinical setting.
Despite the success of the targeting vector, very little effort has gone into investigating
the effects of multivalency on affinity and pharmacokinetics.

Although dendrimers have previously been investigated as theranostic scaffolds

for treatment of PSMA, their applications in nuclear imaging has been limited."” Herein,

we investigate not only the effect of multivalency on the biodistribution of the PSMA
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targeted dendrimers, but also the effect of ester linkages on the stability of these
compounds in vitro and in vivo. By using an imaging scaffold with both neopentyl and
non-neopentyl esters, we aim to evaluate the robustness of the system as well as

determine its limitations.

5.2. Results and Discussion

5.2.1. Synthesis

Based on the affinity of PSMA targeted dendrimers discussed in chapter 4 of this
thesis, we opted to investigate the highest affinity dendrimer for radiolabeling and a
biodistribution study. Given the difficulty in removing copper from the DPA ligand and

the challenges associated with transmetalation of Cu with *™

Tc (as discussed in chapter
2), the lys-urea-glu PSMA inhibitor was attached to the second generation alkyne
decorated dendrimer having the pTSe protecting group at the core using the CuAAC
(Scheme 5.1). Using the PSMA inhibitor with the alkyl suberic acid linker, the coupling
proceeded smoothly to give the desired product (1), with no partially functionalized
dendrimer visible by HPLC analysis of the crude reaction mixture. Subsequent removal
of the pTSe core protecting group was accomplished using DBU to yield the free
carboxylic acid (2). Activation of the carboxylic acid via N-hydroxy succinimide enabled

the DPA ligand to be coupled to the core of the dendrimer in a mild and highly efficient

manncr.
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Scheme 5.1. Synthesis of DPA-G2-(SA-PSMAI), from pTSe-G2-(yne)s.
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The DPA-G2-(SA-PSMAI), (4) dendrimer was treated with TFA to remove the
tert-butyl protecting groups from the carboxylic acids located on the lys-urea-glu PSMA
inhibitors at the periphery of the dendrimer (Scheme 5.2). Prior to removal of the tert-
butyl groups, the dendrimer could also be treated with the [Re(CO);(H20);]Br salt to co-
ordinate Re to the DPA ligand. The acidic nature of the Re salt necessitates the reaction
mixture to be buffered (ie. using PBS) in order to prevent premature removal of the tert-
butyl protecting groups. This synthetic method provides an alternate route for the
synthesis of '[ReDPA-G2-(SA-PSMAi-COOH),] (6), which was first reported in Chapter

4 of this thesis.
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Scheme 5.2. Synthesis of DPA-G2-(SA-PSMAi-COOH), and [ReDPA-G2-(SA-PSMAi-

COOH),]".
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5.2.2. Radiolabeling and Plasma Stability

Radiolabeling of the PSMA targeted dendrimer was accomplished using
[Tc(CO)3(H,0)3]", which was prepared by the reduction of TcO4 using borano
carbonate.'® Efficient radiolabeling of the dendrimer was accomplished after 5 minutes at
80 °C, while negligible degradation of the dendrimer backbone was visible (Scheme 5.3
and Figure 5.1). Furthermore, a histidine and bipyridine challenge to remove loosely
bound Tc resulted in no loss of radioactivity from dendrimer, as determined by HPLC
analysis. The radiolabeled [*"TcDPA-G2-(SA-PSMAi-COOH),]" dendrimer had a
retention time that corresponded to the non-radioactive rhenium analogue (Figure 5.1).
The simple and efficient radiolabeling and facile purification of the product enabled
preparation of the target compound in high purity, as required for in vivo analysis.

o o
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Scheme 5.3: Radiolabeling of DPA-G2-(SA-PSMAi-COOH), (5) with *™Tc to prepare

[ TcDPA-G2-(SA-PSMAi-COOH)4]™ (7).
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Figure 5.1: UV trace of DPA-G2-(SA-PSMAi-COOH), (5) (top), [ReDPA-G2-(SA-
PSMAIi-COOH),]" (6) (middle) and gamma trace of [*™Tc DPA-G2-(SA-PSMAi-

COOH),]" (7) (bottom).

Log P of the radiolabeled dendrimer (7) was calculated to be -3.47, which is
consistent with having 12 carboxylic acid moieties on a single molecule. To evaluate the
plasma stability of the resulting imaging agent in vitro, we incubated the radiolabeled
compound in mouse plasma and performed HPLC analysis at various time points up to 4
hours. Each plasma sample was diluted with acetonitrile to precipitate out the proteins
followed by centrifugation. No radioactivity was observed in the pellet, indicating no
protein binding of the targeting vector (see supplementary info). HPLC analysis of the
supernatant revealed extensive degradation of the imaging agent within 15 minutes

(Figure 5.2). Complete degradation was observed by the 30 minute time point.
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Interestingly, a secondary degradation product was evident at the two hour time point
which became more prevalent after four hours. Given the stability of esters in vivo and the
lack of other readily hydrolysable linkages within the structure, a likely route of
degradation would first involve hydrolysis of the non-neopentyl esters, followed by the

sterically more hindered neopentyl esters.
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Figure 5.2. Plasma stability of [TcDPA-G2-(SA-PSMAi-COOH)4]" at A) 0 min B) 15

min C) 30 min D) 1 hour E) 2 hours and F) 4 hours.
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5.2.4. Bio-Distribution of a PSMA Targeted Dendrimer

A biodistribution of the radiolabeled dendrimer was investigated in vivo using
nude LNCap tumor bearing mice, a tumor model known to overexpress PSMA. Upon
radiolabeling and purification, the dendrimer was evaporated to dryness and formulated in
10 % EtOH/PBS. Three time points were chosen to evaluate the in vivo biodistribution of
the targeted dendrimer: 1, 6 and 24 hours. After 1 hour, only 0.87 = 0.19 % ID/g was
observed in the tumour (Figure 5.3, Table 5.1, 5.2). A major proportion of the
radioactivity was observed in the clearance organs such as the kidney, gallbladder and
intestines. The 6 and 24 hour time points indicated a significant clearance of the
radioactivity via the intestines and kidney with slow washout of radioactivity from the
tumour. This is in contrast to what was observed by Pomper and co-workers for
multivalent PSMA targeted molecular imaging agents, who saw an increase in affinity
towards PSMA in vivo and excellent tumour uptake, particularly, when comparing

monovalent and divalent urea dipeptide inhibitor analogues.''
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Figure 5.3. In vivo biodistribution of [*"TcDPA-G2-(SA-PSMAi-COOH),]" in LNCaP
xenograft mice. Mice were injected with ~0.3MBq of test article and sacrificed at various

timepoints. Data expressed as %ID/g.
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Table 5.1: Tissue distribution of [ TcDPA-G2-(SA-PSMAi-COOH),]" in NCr nude
mice bearing LNCaP xenografts.

Time (h)
Organs 1 6 24
Blood 026 + 0.02 0.09 + 0.00 0.09 + n/a
Adipose 0.06 + 0.02 0.03 + 0.02 0.00 + n/a
Adrenals 0.65 + 0.08 026 + 0.16 0.00 + n/a
Bone 0.15 + 0.03 0.04 + 0.01 0.00 + n/a
Brain 0.04 + 0.00 0.03 + 0.00 0.00 + n/a
Esophagus 022 + 0.04 0.15 + 0.08 0.00 + n/a
Gall Bladder 36096 + 59.81 55.87 £ 20.94 0.00 + n/a
Heart 037 + 0.04 022 + 0.02 0.09 + n/a
Kidneys 4043 + 3.24 2292 + 248 123 + n/a
Lg Intestine +
caecum 022 + 0.03 13149 += 7.11 0.67 = n/a
Liver 596 + 0.77 1.74 + 0.07 093 + n/a
Lungs 034 + 0.01 022 + 0.04 0.07 + n/a
Prostate 237 £ 092 040 + 0.36 0.00 + n/a
Salivary Glands 026 + 0.02 0.12 + 0.00 0.03 + n/a
Skeletal Muscle 0.10 = 0.01 0.07 + 0.01 0.00 £ n/a
Sm Intestine 93.15 + 9.08 229 + 0.23 021 + n/a
Spleen 027 + 0.03 0.08 + 0.01 0.00 + n/a
Stomach 226 + 0.59 0.69 + 0.28 027 + n/a
Testes 0.05 + 0.00 0.06 + 0.02 0.00 + n/a
Thyroid/
Trachea 022 + 0.05 0.09 + 0.01 0.00 + n/a
Tumour
(LNCaP) 0.87 + 0.19 044 + 0.19 024 + n/a
Urinary Bladder 3.64 + 1.09 1.53 + 0.86 0.00 + n/a
Urine 101.43 + 19.85 36.09 + 4.86 1.33 £+ n/a
Note: Data are %ID/g, expressed as mean +
SEM.
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Table 5.2: Tumour to tissue ratios of [*"TcDPA-G2-(SA-PSMAi-COOH),]” in NCr
nude mice bearing LNCaP xenografts.

Time (h)
1 6 24
Tumour/Blood 329 + 0.74 507 +£ 2.22 2.61 n/a
Tumour/Skeletal
Muscle 10.84 + 3.88 6.92 + 2.66 n/a n/a
Note: Data are ratios based on %ID/g, expressed as
mean + SEM.

Similar results were observed by Valliant and co-workers with PSMA targeted
carboranes.'” The results were attributed to the hydrophobic nature of the carborane. A
similarly hydrophobic entity would be obtained upon hydrolysis of the esters in the
dendrimer backbone, yielding the DPA ligand attached to a partially degraded bis-MPA
dendrimer. These findings further corroborate the lack of resilience to hydrolysis within
the ester backbone of the dendrimer. Nevertheless, the work herein demonstrates the
potential ability for bis-MPA dendrimers to serve as convenient scaffolds for multivalent
molecular imaging agents. Further work will focus on replacing non-neopentyl esters with

more resilient linkages that are amenable to in vivo applications.

5.3. Conclusions

The synthesis of a second generation dendrimer bearing four PSMA targeting
peptides at the periphery and a DPA ligand at the core has been realized. Successful
radiolabeling of the product was observed in near quantitative yield and formulation of
the product was successful in 10% EtOH/PBS. Despite promising in vitro data, the

resulting compound demonstrated poor in vitro stability in mouse plasma. Biodistribution
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data indicated poor uptake of the imaging agent within the tumor, indicating potential
degradation of the compound. Future work includes replacement of the non-neopentyl
esters with linkages that are more resilient to hydrolysis in an effort to increase stability

and hence tumor uptake.
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5.4. Experimental

5.4.1. General

All chemicals were purchased from Sigma Aldrich. Dry dichloromethane was
dispensed from a solvent drying system equipped with an activated alumina column.
NMR spectra were collected on a Bruker Avance 600 MHz or 700 MHz NMR
spectrometer and calibrated to the solvent peak. A Micromass QTOF Global Ultima was
used to obtain exact masses and HPLC was conducted on Waters 2695 HPLC equipped
with Waters 2996 PDA detector and a Phenomenex Luna 5u C18(2) 150 x 10.0 mm
column. The desired products were eluted using a water/acetonitrile gradient containing
0.1% formic acid for dendrimers containing tBu groups at the periphery and 0.1%
trifluoroacetic acid for dendrimers with —-COOH groups at the periphery. Additionally,
water contained 5% acetonitrile. The method used for purification was 0-2 min for 100%
water, followed by a gradient to 100% acetonitrile over 15 min. Tert-Butyl protected
analogues would typically elute around 90% ACN, while final compounds bearing
carboxylic acids at the periphery would elute around 45% ACN. Radiochemistry was
performed with the aid of a Biotage Microwave Reactor and HPLC analysis/purification
of the radioactive compounds was performed on a Waters 1525 system equipped with a
Waters 2998 PDA detector and a Bio-Rad gamma detector. A Phenomenex Luna C18(2)
4.6 x 150 mm HPLC column was employed, using a mobile phase of water and
acetonitrile (each containing 0.1% TFA). The HPLC method consisted of 90 % Water for

2 min, followed by a gradient to 40 % water at 14 minutes, and 0 % water at 16 minutes.
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At 16.5 minutes, the water was ramped to 90 % and the column equilibrated until 18

minutes at 90 % water.

5.4.2. Synthesis

pTSe-G2-(SA-PSMAI)4 (1): In a 5 mL round bottom flask, equipped with a magnetic stir
bar, was added pTSe-G2-(yne)s (20 mg, 23 pmol), PSMAi-SA-N; (88 mg, 115 pmol, 5
eq) and sodium ascorbate (9 mg, 46 umol, 2 eq) in 1 mL of DMF. The reaction flask was
evacuated and back filled with N, three times. CuSO4 (2.3 mg, 9.0 umol, 0.4 eq) in 0.2
mL of dH,O was added to the reaction vessel and the reaction was allowed to stir at room
temperature overnight. The reaction mixture was concentrated by rotary evaporation and
purified via silica gel column chromatography (5-13% CH3;OH in CH,Cl,) to yield 68 mg
of the product as a white solid (75 %). '"H NMR (700 MHz; DMSO): & 7.82 (s, 4H), 7.78
(dd, J=8.2,3.6,4H), 7.70 (dt, J = 15.7, 5.6, 9H), 7.44 (t, J = 7.4, 4H), 6.28 (dd, J = 25.9,
8.3, 8H), 4.31 (t,J=5.5,3H), 4.26 (t, J=7.1, 8H), 4.09 (m, 8H), 4.10-4.02 (m, 4H), 4.00
(bs, 4H), 3.95 (dd, J = 13.6, 8.0, 4H), 3.69 (t, J = 5.4, 3H), 3.65 (dd, J = 12.1, 6.4, 2H),
3.40 (t, J=6.5,2H), 3.17 (d, /= 5.2, 3H), 3.02-2.98 (m, 16H), 2.84 (t, J = 7.5, 8H), 2.65
(t,J=17.5,8H),2.38 (s, 3H), 2.23-2.21 (m, J = 6.5, 10H), 2.00 (t, /= 6.7, 16H), 1.88-1.84
(m, 7H), 1.76-1.73 (m, 8H), 1.69-1.65 (m, 6H), 1.60-1.58 (m, 7H), 1.51-1.44 (m, 24H),
1.40-1.39 (m, 88H), 1.34 (s, 8H), 1.26-1.20 (m, 36H), 1.08 (s, 6H), 0.99 (s, 3H). HR-MS

calc. for C196H328N2805QS [M+4H]4+I 985.5974. Found: 985.6019.
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COOH-G2-(SA-PSMAI)4 (2): A 5 mL round bottom flask, equipped with a magnetic stir
bar, was added pTSe-G2-(SA-PSMAI)4 (60 mg, 15 umol) in 2 mL CH,Cl, and DBU (12
mg, 76 umol, 5 eq). After stirring at room temperature for 1 hour, the reaction mixture
was diluted with 15 mL of CH,Cl, and washed with NaHSO4 (2 x 15 mL) and brine. The
crude reaction mixture was concentrated by rotary evaporation and purified by silica gel
column chromatography (5-20 % CH3;OH in CH,Cl,) to yield 57 mg of the product as a
white solid (68 %). '"H NMR (700 MHz; DMSO): & 7.85 (s, 4H), 7.77-7.75 (m, 8H), 7.73-
7.70 (m, 8H), 6.42 (dd, J = 27.5, 7.0, 8H), 4.26 (t, J = 7.0, 8H), 4.15 (dd, J = 12.2, 8.1,
8H), 4.07 (dd, J = 17.4, 11.4, 8H), 4.03-4.01 (m, 8H), 3.94 (dd, J = 13.5, 7.9, 8H), 2.98
(dt,J=12.4, 6.2, 16H), 2.84 (t, J= 6.9, 8H), 2.64 (t, J = 7.4, 8H), 2.24-2.21 (m, J = 9.1,
6.8, 12H), 2.02-2.00 (t, J= 7.4, 10H), 1.86 (ddd, J=20.1, 8.2, 5.7, 7TH), 1.75 (dt, J = 14.5,
7.2, 8H), 1.68-1.64 (m, 8H), 1.60-1.56 (m, 8H), 1.52-1.49 (m, 8H), 1.44 (t,J = 6.5, 12H),
1.38-1.35 (m, 56H), 1.28-1.24 (m, 16H), 1.20 (s, 12H), 1.15 (s, 3H), 1.05 (s, 6H), 0.88 (t,

J= 77, SH) HR-MS calc. for C187H318N28050 [M+4H]4+Z 940.0873. Found: 940.0878.

DPA-G2-(SA-PSMAI)4 (4): A 5 mL round bottom flask, equipped with a magnetic stir
bar, was added COOH-G2-(SA-PSMAIi), (55 mg, 15 pmol) in 1 mL of CH,Cl,, NHS (4
mg, 37 umol, 2.5 eq) and EDC-HCI (7 mg, 37 pumol, 2.5 eq). The reaction mixture was
allowed to stir at room temperature overnight. The reaction mixture was diluted with
CH,Cl, and washed with water and NaHSO,4 to yield NHS-G2-(carb-SA-PSMAI1), (3).
The crude 3 was dissolved in CH,Cl, (2 mL), followed by addition of DPA-NH, (8 mg,

29 umol, 2 eq) and Et;N (6 pL, 43 umol, 3 eq). After 6 hours, the reaction mixture was
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purified by semi-prep HPLC and lyophilized to afford 27 mg of the title compound as a
white solid in 47 % yield. '"H NMR (700 MHz; DMSO): § 8.44 (d, J = 4.8, 2H), 7.81 (s,
4H), 7.72-7.68 (m, 10H), 7.49 (d, J= 7.8, 2H), 7.20 (dd, J = 7.0, 5.2, 2H), 6.28 (dd, J =
25.4, 8.3, 8H), 4.25 (t, J= 7.1, 8H), 4.16-4.08 (m, 12H), 4.03 (td, J = 8.5, 5.3, 6H), 3.95
(td, J=7.9, 5.6, 6H), 3.69 (s, 4H), 2.99 (td, J = 12.6, 6.7, 16H), 2.83 (t, J = 7.5, 8H), 2.64
(t, J=17.5, 8H), 2.59 (s, 8H), 2.42-2.40 (m, 4H), 2.26-2.16 (m, 10H), 2.00 (t, J = 7.5,
12H), 1.88-1.85 (m, 4H), 1.74 (dt, J = 14.5, 7.2, 8H), 1.66 (m, J = 5.7, 6H), 1.61-1.56 (m,
6H), 1.52-1.48 (m, 8H), 1.44 (t, J = 6.6, 16H), 1.39-1.38 (m, 78H), 1.35-1.31 (m, 10H),
1.26-1.24 (m, 26H), 1.20 (bs, 19H), 1.10 (s, 3H), 1.06 (s, 6H). HR-MS calc. for

C203H338N32049 [M+4H]4+Z 1003.6323. Found: 1003.6313.

DPA-G2-(SA-PSMAi-COOH)4 (5): In a 5 mL round bottom flask, equipped with a
magnetic stir bar, was added [DPA-G2-(SA-PSMAIi)4] (10.0 mg, 2.5 pmol) in 1 mL of
CH,Cl,, followed by 1 mL of TFA dropwise. The reaction was allowed to stir at room
temperature for 4 hours. The volatiles were removed by blowing N, over the reaction
mixture and the product was purified via semi-prep HPLC and lyophilized to yield 4.9 mg
of a white powder (59 %). '"H NMR (700 MHz; DMSO): § 8.62 (d, J = 4.7, 2H), 7.87 (td,
J=1.7,1.6,2H), 7.82 (s, 4H), 7.71 (dt, J=11.3, 5.6, 8H), 7.50 (d, J = 7.8, 2H), 7.44-7.42
(m, 2H), 6.30 (dd, J = 25.1, 8.3, 8H), 4.25 (t, J= 7.1, 8H), 4.16-4.09 (m, 12H), 4.04 (td, J
= 8.0, 5.3, 4H), 3.00-2.97 (m, 16H), 2.83 (t, J = 7.4, 8H), 2.65-2.63 (m, 8H), 2.29-2.19
(m, 8H), 2.01 (t, J=17.5, 12H), 1.94-1.89 (m, 4H), 1.75-1.70 (m, 12H), 1.66-1.61 (m, 4H),

1.50 (dd, J = 13.8, 7.5, 4H), 1.44 (t, J = 6.6, 12H), 1.37-1.33 (m, 14H), 1.27-1.24 (m,
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12H), 1.20 (bS, 16H), 1.11 (S, 3H), 1.07 (S, 6H) HR-MS calc. for C155H241N32049

[M+3H]*": 1113.2559. Found: 1113.2554.

5.4.3. Radiolabeling, LogP, Plasma Stability and Biodistribution

[’ TcDPA-G2-(SA-PSMAi-COOH),]" (7): To a 2 mL microwave vial containing
DPA-G2-(SA-PSMAi-COOH)4 (1 mg, 300 nmol) in 0.1 mL of MeOH was added 1 mL of
[*™Tc(CO)3(H20)3]" in saline adjusted to pH 4.5-6.5 with 1 M HCI. The reaction vessel
was sealed and the reaction mixture was heated under microwave irradiation for 5 min at

80 °C. R.T. =12.95 min. Isolated RCY: 82 + 3 %.

Log P of [’™TcDPA-G2-(SA-PSMAi-COOH)4]": An aqueous solution of [**"TcDPA-
G2-(SA-PSMAi-COOH),]" was prepared via HPLC purification by collecting the peak
between 12 and 13 min. The sample was dried on a V-10 rotary evaporator and
reconstituted in distilled water at 500 pCi/mL. 10 pCi (20 pL) of radiolabeled compound
was dispensed into 9 vials containing a pre-equilibrated water/octanol solution containing
NaH,PO4 and Na,HPO,4. The vials were capped and placed on a shaker for 20 min,
followed by centrifugation for 30 min. 10 puL of each layer was taken from every vial and
placed in a pre-weighed culture tube. The culture tubes were subsequently re-weighed
and the activity in each tube was measured. Log P is calculated by taking the log of the
ratio of the mass of solution/counts per minute for the water and octanol. Using this

method, the log P was determined to be -3.47.
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Plasma Stability of [“™TcDPA-G2-(SA-PSMAi-COOH),]": A purified and
concentrated sample of [ TcDPA-G2-(SA-PSMAi-COOH),]" was formulated in 10%
EtOH/PBS at 100 uL/mCi. 100 pL (12MBq) of the formulated compound was added to
900 pL of pre-warmed (to 37°C) mouse plasma (Innovative Research, IMS-CD1-N),
vortexed and incubated at 37°C. At each timpoint (t =0, 0.25 h, 0.5 h, 1 h, 2 h and 4 h),
100 uL was removed and added to 200 pL ice cold acetonitrile. Samples were vortexed
and then centrifuged at maximum speed for 10 min. The amount of activity in the whole
sample was measured using a dose calibrator (Capintec Inc, CRC-25R). The supernatant
was separated from the pellet and the activity from the supernatant and the pellet was
measured using a dose calibrator. HPLC analysis was conducted on the supernatant. The
experiment was completed once with the % bound to blood proteins calculated as follows
(pellet): [(amount of activity in pellet)/(amount of activity in pellet)+(amount of activity
in supernatant)]x100% and the % in the supernatant calculated as follows (supernatant):
[(amount of activity in supernatant)/(amount of activity in pellet)+(amount of activity in

supernatant)|x100%.
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Figure S5.1. Percentage of radioactivity in pellet vs. supernatant at each time point of the

plasma stability test.

Bio-Distribution of [’ TcDPA-G2-(SA-PSMAi-COOH),]": LNCaP cells derived from
lymph node metastases of human prostate carcinoma were purchased from ATCC (CRL-
1740). NCr nude homo male mice ordered from Taconic (Germantown, NY, USA) were
injected with 2.0x10°® LNCaP cells in Matrigel:DPBS (1:1) subcutaneously into the right
flank. Biodistribution of [’ TcDPA-G2-(SA-PSMAi-COOH),]" was performed on mice
at 6 weeks post tumour inoculation (n = 5 at t=1 h and 6 h and n = 1 at t=24 h). The
animals were injected with approximately 0.3MBq of [*™TcDPA-G2-(SA-PSMAI-
COOH),]" in PBS via the tail vein. At the specified time points, animals were
anesthetized with 3% isoflurane and euthanized by cervical dislocation. Blood, adipose,
adrenals, bone, brain, esophagus, gall bladder, heart, kidneys, large intestine and caecum

(with contents), liver, lungs, prostate, salivary glands, skeletal muscle, small intestine
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(with contents), spleen, stomach (with contents), testes, thyroid/trachea, LNCaP tumour,
urinary bladder, urine and tail were collected, weighed and counted in a Perkin Elmer
Wizard 1470 Automatic Gamma Counter. Decay correction was used to normalize organ
activity measurements to time of dose preparation for data calculations with respect to

injected dose (i.e.ID/g).
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Chapter 6. Synthesis, Radiolabeling and Plasma Stability of Targeted Bis-MPA
Dendrimers with Ether or Carbamate Linkages at the periphery

*All synthesis and radiolabeling work presented in this chapter was carried out by Lukas
Sadowski. Plasma stability studies were performed by Nancy Janzen.
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Abstract

The attachment of alkyne functional groups to the periphery of a G2 bis-MPA
dendrimer via linkages that are less prone to hydrolysis than previously investigated
esters has been carried out. Attachment of alkynes to the periphery of bis-MPA
dendrimers was accomplished separately via carbamate and ether linkages. The two
dendrimer derivatives were functionalized with lys-urea-glu dipeptides for targeting of
PSMA. Attachment of a dipicolylamine amine ligand to the core of the dendrimer enabled
for radiolabeling with **"Tc. Stability of the radiolabeled compounds was evaluated in
mouse plasma and showed improved stability compared to the ester analogue. In
particular, replacement of non-neopentyl esters with ethers leads to a remarkable

improvement in plasma stability.
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6.1. Introduction

The use of bis-MPA dendrimers for biomedical applications has resulted in many
promising drug delivery and imaging platforms."* The ability to tune circulation time of
the dendrimers has not only been demonstrated, but has also been exploited for drug
delivery via the EPR effect.'” With respect to imaging, bis-MPA dendrimers have been
successfully employed as multivalent scaffolds for imaging angiogenesis,” while non-
functionalized dendrimers have been shown to have <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>